
^.;-^-r^,.v;^v [..,],_/.^.,^^ p&ium&wm -»&&•*■#£**'*■**&'. 

GEAR TOOTH SCORING INVESTIGATION 

P. M. Ku, et al 

Southwest Research  Institute 

AD-A013  527 

;:i 

Prepared  for: 

Army Air Mobility Research and 
Development  Laboratory 

July  1975 

DISTRIBUTED BY: 

KTÜl 
National Technical Information Service 
U. S. DEPARTMENT OF COMMERCE 



USAAMRDL-TR- 75-33 

233097 9 
GEAR TOOTH SCORING INVESTIGATION 

SOUTHWEST RESEARCH INSTITUTE 
8500 CuUbro Rood 
Son Antonio , Tox. 78284 

If 

'   CO 
July 1975 

.DD Cv 

^4 Find Roport for Period Junt 1970-April 1975 

iv. 

Approved for public release; 
distribution unlimited. 

I 
i Pr«por«d for 

EUSTIS DIRECTORATE 
U. S. ARMY AIR MOBILITY RESEARCH AND DEVELOPMENT LABORATORY 
Fort Euttis, Vo. 23604 .^„„..„b, 

NATIONAL TECHNICAL 
INFORMATION SERVICE 

U S D«p»rtm*nt o( Commmrc* 
SprlngfMd, VA. 22IS1 

1 

"'-,. 



«fa^, 

ft      • 

Unclassified 
UCuniTV CLMSiriCATlON or THIl **OC Chm bum Cm*'«« 

REPORT DOCUMENTATION PAGE 
I. ll^oAT HUMSIH 

USAAMRDL-TR-75-33 
I, OOVT ACCtUION NO 

4.   TlTLC (m4 SuMIIUJ 

GEAR TOOTH SCORING INVESTIGATION 

?.  «UTHOMC«; 

P. M. Ku 
H.  E. SUph 
H. J. Carper 

U.   MONlVoNINa AOINCV MAS! • ADONttV" «Itoranl «MOT Cenlrallln« OWcm) 

Same 

t.   PtnrOIIMINO 0ROANIZATION NAMt AND ADDMCtl 

Southwest Research Institute 
8500 Culebra Road 
San Antonio. Texas   78284  

II.   CONTROLklNO O'HCl NAMC AND ADONCtl 

Eustis Directorate 
U.S. Army Air Mobility RtD Laboratory 
Fort Eustis. Virginia  23604 

READ INSTRUCTIONS 
BEFORE COMPLETING FORM 

>    IICClPlCNT1« CATALOG NUMBtH 

AO-AaSia SSI 
%■ TV^C or NCPOMT t Ptmoo COVERED 

Final Report 
6-29-70 to 4-24-75 

«. PCRrONMINO OR 

C CONTRACT OR ORANT NUMSCRf«) 

DAAJ02.70-C-0071 

10.   PMänSfi ELEMENT. PROJECT. TASK 
AREA A WORK UNIT NUMSERt 

62207A 1G162207AA72 02 
002 EK 

It.   REt-ORT DATS 

July 1«»75 
li.   NUMBER OF RAOKI 

31b 
II.   SECURITY CLAM. (»I Mil npott) 

Unclassified 

II«.   OECLAUiriCATION/DOWNORADINO 
ICHEOULE 

\*.   DKTRISUTIOH ITATBMKNT <»l till **ctl) 

Approved for public release; distribution unlimited. 

17.   DU TRIBUTION STATEMENT (ml thm mtmttmcl mimrm* In Black JO, II «llmtmni Irom Bmpmn) 

II.   lUPRLEMENTARV NOTEI 

None 

II.   REV WOROI (Conllnum an tmrmtmm mUm II nmcmmmmnr mnd Idmnlllr kr Mock mmtbmt) 

Gear tooth scoring 
Gear performance 
Gear design 

10.   ABSTRACT (Conllnum an rmrmimm Htm II nmtmmmmr mnd I4mnllly br Mack numbmt) 

A method has been devised for predicting the scoring potential 
and sco ring-limited power-transmitting capacity of spur, helical, and 
spiral bevel gears.   Computer programs for making such predictions 
for the three gear types have been written and are presented. 

DO .X*« 1473 IOITION OP t NOV «I 11 OltOLCTK 

» 
Unclassified 

IECURITV CLAIIIFICATION OP THIl RAOE (tHitn tttt tnlmtmd) 



*&**&'te^*;\-.^-&MP'*3l' 

UncUssified 
IfCUKITY CLAUIflCATION O' TMII PHOVWtim »•«• Cnr«rt« 

20.   Continued 

The predictive scheme comprises basically two steps.    The 
first step involves the prediction of the ideal scoring-limited power- 
transmitting capacity, assuming perfect tooth alignment and no 
dynamic tooth load.   The probable, actual scoring-limited power- 
transmitting capacity is then deduced from the ideal scoring-limited 
power-transmitting capacity by applying corrections for the misalign- 
ment and dynamic effects. 

In order to evaluate the quality of the predictions,  scoring 
tests have been performed on typical aircraft-quality gears, including 
spur gears of the same design but of two different surface character- 
istics, and spiral bevel gears of one design.    The experimentally 
determined scoring-limited power-transmitting capacities have all 
been found to be within ten percent of the predictions. 

• i 

11 Unclassified 
SCCUHITV CLASSIFICATION OF THIS PAOEflWi«! DM Bnltnd) 



...    .    II I      ■'» 

EUSTIS DIltECTOKATI POSITIOW STATIMEWT 

Tb« work r«porc«d harcln Is th« result of controlled disk toots, 
anolytleal coaputatlons, and vorlflestlon gosr tssts.   Ths rooultlng 
eosyutor proftroM prsdlct tho scoring potential and scorlng-llnltad, 
pewor-traosalttlng capacity of spur, hsllcsl, and spiral hcvol gaars. 
Tho voriflcation goar tost dots havs sll boon found to bo within 10 
porcont of tho prodictiona. ^ 

iss Clvsns of tho Technology Applications Division ssrved ss 
Engineer for this effort. 

DISCLAIMERS 

TIM .irvdtnji In «tit rtpon art not to bt eonttrutd M an official Oapartmam Of tht Army petition unlan to 
<ail|nmd by otlttr authorind documtntt. 

Mhan Govarnmant örmmnqt. ipacificatlont, or othar data art mad for any pwrpota othar than in connaction 
Mitt« a dtfinittly ralatad Govarnnwnt procuramant operation, lha United State« Government thereby incurs no 
retpomibility nor any obligation mhattoever; and the fact that the Government may have formulated, furnished. 
or in any way tupplied the Mid drawingi. «pecificatiora, or othar data it not to be regarded by implication or 
Otharwilia a« In any manner licensing the holder or any other person or corporation, or conveying any rights or 

to manufacture, use, or tall any patented invention that may in any way be related thereto. 

Trade names cited in this report do not constitute an official endorsement or approval of the use of such 
commercial hardware or software. 

BBMBIiflM IN^RI^TIQN? 

Otttroy this report when no longer needed.   Do not return It to lha originator. 

r Hi 

/ 



I 

PREFACE 

This report presents the results of a program conducted by 
Southwest Research Institute for the Eustis Directorate,   U.S.  Army 
Air Mobility Research and Development Laboratory,  under Contract 
DAAJ02-70-C-0071.    The USAAMRDL technical direction was pro- 
vided by Mr.  R.   Givens. 

The work described herein was performed with Southwest 
Research Institute as the prime contractor and Bell Helicopter 
Company as the subcontractor.   SwRIhad overall responsibility in 
the administration of the program,  in addition to the development of 
the gear scoring predictive technique,  the performance of sliding- 
rolling disk tests,   and the analyses of all disk-test and gear-test 
results.    BHC was responsible for the manufacture of all test disks 
and test gears,   as well as gear testing. 

In addition to the above gear tests,  valuable spur gear test 
results were made available tn this program by Mr.   P.   Lynwander, 
Chairman,   Tribology Division,  Aerospace Gearing Committee, 
American Gear Manufacturers Association.    These test results were 
utilized in the formulation of the gear scoring predictive methodology. 

Active participants of this program included P. M.  Ku (principal 
investigator),  H.   E.  Staph,   H.  J.  Carper,   D. M.   Deffenbaugh,  and 
H.   Maufler of SwRI; C.   E.   Braddock,  R.   Battles,  and R.   T.   Jenkins of 
BHC; as well as other supporting personnel of the two organizations. 
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CHAPTER I 
INTRODUCTION 

The investigation reported herein had as its basic objective the 
development of an improved methodology for predicting the power- 
transmitting capacity of gears as limited by gear-tooth scoring, with 
special reference to aircraft power gears.    The gear types of interest 
included spur gears,  straight helical gears, and spiral bevel gears. 
The gear material selected for study was carburized vacuum-melt 
AISI 9310 steel.    The lubricants were MIL-L-7808 and MIL-L-23699 
synthetic lubricants, with emphasis on a MIL-L-7808G lubricant. 

In order to accomplish the above objective, pertinent informa- 
tion in the literature was reviewed and made use of where deemed ap- 
plicable; controlled sliding-rolling disk tests were performed and their 
results analyzed and generalized to provide the basic inputs to the pre- 
dictive scheme; computer programs were written for predicting the 
scoring-limited power-transmitting capacity of spur, helical, and spi- 
ral bevel gears; and full-scale gear tests were conducted to test the 
validity of the computer predictions. 

Aircraft power gears should ideally be designed to give maxi- 
mum power-transmitting capacity per unit size and weight, and at the 
same time possess a high degree of operating reliability.   Obviously, 
it is not possible to assess operating reliability and hence the maxi- 
mum permissible power-transmitting capacity of gears as limited by 
all possible modes of failure without considering the nature of these 
failure modes and their respective impact on gear performance.   A 
comprehensive gear failure analysis of this character is not only 
beyond the scope of this investigation, but also impossible to accom- 
plish in many respects.   However, in order to provide some perspec- 
tive to the overall problem, a brief qualitative discussion of the major 
gear-tooth failure modes and their effects will be given in the next 
chapter.   It suffices to state at this juncture that gear teeth may fail 
basically by either strength-related or lubrication-related causes. 
However, many strength-related failures are influenced by lubrication 
or can be induced by lubrication-related failures.    The importance of 
lubrication to gear performance is thus abundantly clear. 

The current investigation is concerned with gear-tooth scoring, 
which is one particular mode of lubrication-related gear failure.   In 
contrast to the other modes of lubrication-related gear failure which 
generally take time to develop or reach destructive magnitude, scoring 
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occurs quite precipitously and is therefore the most urgent one con- 
fronting the designer.    Obviously,  as long as scoring cannot be over- 
come, all time-dependent modes of gear failure are essentially 
academic.   In other words,  with gears that are adequately designed 
and manufactured strengthwise,  scoring is the first performance 
barrier that must be crossed.   It is only after scoring can assuredly 
be controlled that the other failure modes become truly relevant. 

As will be seen later, the existing technology of gear design is 
such that the risk of strength-related failures can be quantitatively 
assessed with some confidence,  especially for gears of relatively 
simple geometry operating under conditions such that misalignment 
and dynamic effects are not large.    However,  the same cannot be said 
of all lubrici*.ion-related failures due to the enormous complexity of 
the phenomena involved.    This investigation emphasizes the scoring 
problem.   Assuming that a scoring criterion can be established and 
quantitatively related to gear performance, then the next logical step 
will be the development of criteria for quantitative assessment of the 
effects of the other lubrication-related failures, as well as further 
refinements in handling the strength-related failures particularly for 
the complex gear types and the subtle influence of gear mechanics on 
lubrication.    Unfortunately,  all such information is not yet at hand; 
hence meaningful optimization of gear design is now not possible. 

In view of the overwhelming importance of scoring, it is under- 
standable that the gear designer's concern,  other than the strength 
considerations,  has so far been directed primarily toward the avoid- 
ance of scoring almost at any cost.    In this connection,  it is well to 
emphasize the difference between the avoidance of scoring and the 
quantitative prediction of scoring in the design stage.    Thanks to 
decades of efforts on the part of many workers,  the existing ge;ar de- 
sign technology is such that although the onset of scoring cannot yet 
be predicted accurately,  nevertheless enough is known in a general 
way to avoid scoring by design without regard to the price to be paid. 
The advancement that is being sought in this program is to be able to 
predict scoring in the design stage and estimate the scoring-limited 
power-transmitting capacity.   It is a far more difficult task than mere 
avoidance of scoring without inquiring as to what penalties are thereby 
entailed. 

The program was essentially in the nature of engineering appli- 
cation,  and as such no serious effort has been made to delve into the 
basic mechanism of scoring.    Nevertheless, tangible progress is 
believed to have been made in the phenomenological sense to provide a 
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methodology for predicting the scoring-limiting power-transmitting 
capacity of gears.   As outlined in Chapter VII, the basic procedure 
involves first the prediction of the ideal scoring-limited power- 
transmitting capacity of a gear set, assuming perfect tooth alignment 
and no dynamic tooth load.    The probable,  actual scoring-limited 
power-transmitting capacity is then deduced from the ideal scoring- 
limited power-transmitting capacity by applying corrections for the 
misalignment and dynamic effects. 

As will be shown in Chapter VII,  the prediction of the ideal 
scorLig-limited power-transmitting capacity requires the use of certain 
numerical coefficients,  and the prediction of the actual scoring-limited 
power-transmitting capacity further requires quantitative estimates of 
the misalignment and dynamic correction factors.    Tentative values for 
these coefficients and correction factors were derived from the results 
of the sliding-rolling disk tests performed under this program,   supple- 
mented by several bets of full-scale spur gear test results made avail- 
able by the Aerospace Gearing Committee of the American Gear Manu- 
facturers Association.    It is realized that these coefficients and 
correction factors are subject to refinements as additional disk and 
gear test results become available.    Nevertheless,  using the tentative 
values thus far developed,  predictions were made for the full-scale 
gear tests performed under this program.    As will be seen in Chapter 
VUI, the predicted scoring-limited power-transmitting capacities were 
within 10 percent of the statistically deduced test results from two 
series of tests on spur gears and one series of tests on spiral bevel 
gears.    Helical gears were not tested in this program,  due to dif- 
ficulties encountered by the subcontractor in the scheduling of gear 
manufacturing and testing. 

The investigation has brought out certain fundamental issues 
related to gear lubrication and gear mechanics, the resolution of which 
is believed to be essential before gear design,  performance prediction, 
and performance optimization can be put on a truly rational basis. 
These problems are discussed in Chapter IX. 
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CHAPTER II 
GEAR-TOOTH FAILURE AND LUBRICATION 

A. Major Modes of Gear-Tooth Failure 

Since this investigation is concerned with gear design and per- 
formance analysis,  the nomenclature and symbols employed herein 
follow generally those adopted by the American Gear Manufacturers 
Association.^ "**    However,  departures from the AGMA practice are 
made in several instances for the sake of clarity, as evident from the 
List of Symbols presented at the end of the report. 

AGMA cites 21 modes of gear-tooth failure,2  divided into four 
broad categories of wear,   surface fatigue,  plastic flow,  and breakage. 
For the purpose of the present discussion,  it is convenient to classify 
the major gear-tooth failure modes as shown in Table 1. 

There are two broad classes of gear-tooth failures, namely, 
lubrication-related failures and strength-related failures.    Major modes 
of lubrication-related failure are rubbing wear,  scoring,  and pitting. 
Major modes of strength-related failure are plastic flow and breakage. 

Rubbing wear is a loss of metal by the rubbing action between 
two relatively moving surfaces,  when there is a lack of an intact oil 
film of sufficient thickness to separate the surfaces.7, 8    One form of 
rubbing wear is adhesive wear,  caused by metal transfer due to local- 
ized adhesion or a solid-phase welding process, and subsequent detach- 
ment of particles from one or both surfaces.    The other form of rub- 
bing wear is abrasive_wear,  caused by abrasive action between the 
relatively moving surfaces,  or by the presence of abrasive particles 
between them.    These particles may be dirt or other solid contami- 
nants, or particles detached from the surfaces themselves due to 
severe pitting or wear. 

Rubbing wear takes time to reach damaging proportion.   It is 
of course harmful if severe and continued at an undiminishing rate. 
However,   rubbing wear which diminishes with time,   such as that as- 
sociated with a break-in process,  is not damaging but in fact beneficial. 

Scoring (or scuffing) is a severe form of adhesive wear,  which 
results in rapid damage to one or both surfaces in relative motion. 9, 10 
In contrast to the other modes of lubrication-related tooth failure which 
generally take time to develop or reach destructive magnitude,  scor- 
ing occurs quite precipitously and is therefore the most urgent one 
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TABLE 1.     MAJOR MODES OF GEAR-TOOTH FAILURE 

, 

Mode 

Lubrication-related failure 

1.        Rubbing wear 

Basic cause 

Lack of an intact oil film of sufficient 
thickness. 

a.        Adhesive wear Metal transfer by localized adhesion, 
and subsequent detachment of particles. 

b.        Abrasive wear Abrasive action. 

2.        Scoring 

3.        Pitting 

Lack of intact oil film coupled with 
intense localized frictional heating. 

Repeated surface stress cycling. 

Strength-related failure 

1.        Plastic flow Surface deformation under heavy load, 
often aggravated by inadequate lubri- 
cation. 

2. Breakage Bending fatigue,   severe pitting or 
abrasive wear. 
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confronting the designer.   Obviously, as long as scoring cannot be 
avoided, all time-dependent modes of failure are essentially academic. 
In other words, with gears that are adequately d jigned and manu- 
factured strengthwise,  scoring is the first performance barrier that 
must be crossed.   It is only after scoring can assuredly be controlled 
that the other failure modes become truly relevant.    This accounts for 
the enormous emphasis to date on gear scoring by researchers and 
designers alike. 

Since scoring is a form of adhesive wear,  it cannot occur if an 
oil film of sufficient thickness separates the surfaces.    However, mere 
lack of an intact oil film,  while it inevitably leads to adhesive wear, 
may not cause scoring.    In order for adhesive wear to advance to scor- 
ing, another necessary condition must be satisfied.   Although the pre- 
cise mechanism of scoring is at present not yet understood, the con- 
census is that it is the result of intense,  localized frictional heating at 
the rubbing contact and is thus thermal in character. 

Pitting (or surface fatigue) is the consequence of repeated stress 
cycling of the surfaces beyond the metal's endurance limit,  which leads 
to surface or subsurface cracks and eventually the detachment of frag- 
ments from and the formation of pits on one or both surfaces. 9-11 
Being a fatigue phenomenon,  pitting takes time to develop.   However, 
while rubbing wear and scoring cannot take place if an intact oil film 
of adequate thickness separates the two surfaces, pitting can occur 
even though it takes more time.   This is because the presence of such 
an oil film merely modulates the intensity of the repeated surface 
stressing, but does not eliminate it altogether. 

Plastic flow is the surface deformation resulting from plastic 
yielding of one or both surfaces in relative motion,  usually associated 
with heavy loads or high temperatures.   Although basically a strength- 
related phenomenon,  it can nevertheless be influenced by lubrication. 
For example, high temperature which results in a reduction of the 
metal's yield strength may be due to inadequate lubrication.    More- 
over,  rippling (a form of plastic flow) is apparently related to a com- 
plex interaction between the oil film and surfaces. 12 

Breakage of a gear tooth is caused by the bending stress im- 
posed on it by the transmitted torque. 4-6   Outright breakage due to 
excessive bending stress beyond the fracture strength of the tooth is 
rather rare.   A more common form of tooth breakage is that due to 
bending fatigue.    Breakage is basically a strength-related failure. 
However,  severe pitting or wear may so weaken the tooth (otherwise 
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adequate for the service) as to cause breakage.    In this connection,  a 
lubrication-related failure may lead to a breakage failure. 

Consideration of the strength-related modes of gear-tooth 
failure is beyond the scope of this report.    However,  the subject is 
well covered by the standard treatises.^ 3-1 5   Moreover, the AGMA 
Standards for rating the strength of several gear types^-o provide 
tangible,   straightforward,  and quantitative guides to design,   provided 
the many correction factors contained therein are selected with care. 

In Chapters III,   IV,  and V which follow,  the mechanics of spur, 
helical,  and spiral bevel gears will be briefly discussed,  with the 
objective of providing a background for assessing the risks of gear- 
tooth scoring as well as the other modes of lubrication-related failure. 

It is only necessary to emphasize here that although gear-tooth 
failures may be due to either strength-related causes or lubrication- 
related causes,  many strength-related failures are directly or in- 
directly influenced by lubrication. 

B. Nature of Gear-Tooth Scoring 

Although the basic mechanism of the scoring phenomenon is 
still largely not understood,  there is good agreement that the lack of 
an intact oil film between the relatively moving surfaces is only a 
necessary but insufficient condition for scoring.9, 10, 16-31    j^ other 
words,   in order for scoring to occur,  the operation not only must move 
into the boundary lubrication regime* but also must meet an additiorj.1 
requirement.    However,   largely because the mechanism of scoring is 
basically unsettled,  what form this additional scoring criterion must 
take is still very much an open question.    All available evidence appears 
to suggest that how deeply the operation may safely extend into the 
boundary lubrication regime without resulting in scoring depends upon 
the physical and chemical nature of the oil,  the metal surface,  and the 
surrounding atmosphere,   as well as the operating conditions.    More- 
over,  if there is a generalized scoring criterion,  the concensus is that 
it is thermal in character,  i. e. ,   it is the consequence of the intense 
frictional heat generation at the potential scoring site. 

*   The term "boundary lubrication" is used herein to designate collec- 
tively the rather ill-defined modes of classical boundary lubrication, 
mixed lubrication,  partial-elastohydrodynamic lubrication,  and micro- 
elastohydrodynamic lubrication. 
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Of the various thermal scoring criteria that have been proposed, 
the most famous is no doubt the critical temperature criterion. *^» * ' 
Other principal criteria include the critical power intensity criterion^* 
and the critical power criterion. 28   These criteria have been com- 
pared, 27-30 but the comparisons are basically inconclusive.   In short, 
there  is no lack of data or arguments either to support or to refute 
any of these criteria in some way.   However, from the point of view 
of generality, i. e., the potential of the criterion to account for the 
greatest number of design, material,  lubricant, surface, and operating 
variables, it appears at this time that Blok's critical temperature 
criterion is the most promising, provided suitable refinements are 
added to Blok's original hypothesis.   Such refinements will be discussed 
later in Chapter VI as applied to sliding-rolling disks and in Chapter VII 
as applied to gears. 

Critical Temperature Hypothesis.     In a sliding-rolling system, 
the friction due to the relative motion results in a localised, instan- 
taneous rise in the temperatures of the surfaces in the conjunction 
which,  under steady-operating conditions, establishes the quasi-steady 
temperatures of the two surfaces and the bulk temperatures of the two 
bodies.   In most practical cases, the partition of the frictional heat 
and the general heat transfer conditions at the conjunction are such 
that the two surface temperatures are approximately equal. 32   The 
very unusual case when this is not so requires a more elaborate treat- 
ment. 23   However,  such a refinement is hardly warranted at this time, 
inasmuch as the basic mechanism of scoring is, as previously stated, 
still not understood. 

Taking the two surface temperatures as being equal, then one 
may write for the sliding-rolling system 

Tc   =   T8 + AT (1) 

where   Tc    =   maximum instantaneous surface temperature in 
the conjunction,  SF 

T8   =   quasi-steady surface temperature,   *F (often 
erroneously taken as the "bulk temperature") 

AT   =   maximum rise of instantaneous surface temperature 
in the conjunction above the quasi-steady surface tem- 
perature, 0F(also called the "flash temperature"by Blok) 
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Note that the transient temperature,  Tc,  is made up of two com- 
ponents:   a quasi-steady component,   Ts, and a transient component, 
AT.    Both of these components are basically caused by the frictional 
heat generation at the conjunction.    Their principal difference is that 
the AT component arises almost instantaneously,  so practically no 
heat loss can take place in the process.    On the other hand,  the Ts 

component can be influenced by the heat loss from the conjunction, 
because it is taken over a period of time. 28   This problem will be 
considered further in Chapters VI and VII. 

The basic premise of Blok's critical temperature hypothesis 
is that scoring will occur when Tc reaches a critical value. !"• 17   In 
other words,  the criterion for scoring is 

Tcr   =    T8 + AT (2) 

where Tcr = critical temperature,   0F. 

In Blok's postulate,  Tcr is considered as a constant for a given 
metal-oil combination,   regardless of the surface and operating con- 
ditions.    However,  this has not been found to be quite true by other 
investigators.24-26, 28-30   The matter will be considered in sonne 
detail in Chapter VI. 

If the critical temperature hypothesis is accepted,   then scoring 
prediction for a given gear set becomes basically a problem of estab- 
lishing the proper value of Tcr and estimating the value of Ts for 
various operating conditions,  from which the AT required to reach 
scoring may be determined.    Once this scoring-limited AT is known, 
the sco ring-limited power-transmitting capacity may readily be com- 
puted. 

The basic expression for computing the scoring-limited power- 
transmitting capacity is Blok's equation for a steady-operating sliding- 
rolling system with a rectangular conjunction (the so-called "line 
contact"),   such as a system comprising a pair of perfectly aligned, 
straight cylinders. ^9   This equation relates AT to the unit normal 
load as follows: 

1.11 fw |/"v7-  /vTl 
AT   =    ^-==4 Z—JLL (3) 

ßJT 
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where   f =     coefficient of friction 

w        =    unit normal load,  ppi 

Vl'^2       =     surface velocities (absolute) of the two bodies,  ips 

A ß =     Blok's thermal coefr:>ient,  Ib/'F-in.-sec« 

B s     width of Hertzian hand in the direction of motion,  in. 

The various quantities involved in Equation (3) will be discussed 
in Chapter VI for steady-ope :ating sliding-rolling disks.    Application 
to gears,  which undergo transient operation,  must consider the effect 
of gear mechanics as given in Chapter VII. 

Note that Equation (3) applies strictly to a sliding-rolling system 
with a rectangular conjunction.    In case the conjunction is elliptic in 
shape,  B must be replaced by the width of the Hertzian ellipse and w be 
replaced by an "equivalent unit normal load" such as that proposed by 
Kelley.18 

C. Elaatohydrodynamic Lubrication 

It follows from Section A of this chapter that the presence of an 
intact oil film between the surfaces of mating gear teeth appears to be 
a desirable design goal,  as it precludes rubbing wear and scoring,  and 
minimizes pitting danger.    However,  whether or not such a design 
goal is practical or even achievable requires critical examination. 

When counterformal bodies are loaded against each other, their 
surfaces experience significant localized elastic deformations.    Elasto- 
hydrodynamic lubrication deals with the interaction between the hydro- 
dynamic action of the lubricant and the localized elastic deformations 
of the surfaces.    It ba&ically explains why an intact oil film may exist 
under certain conditions between highly-loaded counterformal systems. 

It has been found, both analytically and experimentally, 33, 34 
that the oil film thickness in an EHD conjunction is not uniform.    Ac- 
cordingly, the oil film thickness of particular interest is the minimum 
oil film thickness, because if rubbing contact were to occur, it would 
be apt to occur where the oil film thickness is the least. 

The basic equation for the minimum oil film thickness in a 
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rectangular EHD conjunction of perfectly smooth surfaces,  in a steady- 
state,  flooded, and isothermal flow,  has been given in dimensionless 
form by Dowson. 34   This equation may be written in conventional 
engineering units as follows: 

hm   =   26.5 
a, 0. 54 0. TO^O. 43 

(MoVtr' R 

w0.13   *0.03 
(4) 

where   hm   -   minimum oil film thickness,   ^in. 

«o 

Mo 

pressure-viscosity coefficient of oil at conjunction- 
inlet temperature and near-atmospheric pressure,  psi"^ 

absolute viscosity of oil at conjunction-inlet temperature 
and near-atmospheric pressure,  cp 

Vj    =    sum velocity,  ips 

R      =   equivalent radius of curvature at the conjunction,  in. 

w      =   unit normal load,  ppi 

* 
E      =   equivalent Young's modulus,   psi 

The above equation applies strictly to a sliding-rolling system 
with a rectangular conjunction,  provided the numerous assumptions 
stated above are met.   In practical applications,  the conjunction shape 
may not be rectangular, but may be elliptic in shape.   If the aspect 
ratio of the ellipse normal to the motion is large (> 5),  little error 
results from the rectangular as iumption.   However, if the aspect ratio 
is small,  then the problem becomes more complex.   In that event,  an 
approximate correction for "side flow effect, " due to Cheng,35 may be 
used,  provided all the other assumptions are not substantially violated. 

Additionally,  the assumption of an isothermal flow process may 
not be approached in practice,  due to heating caused by the viscous 
shear of the oil in the inlet region.    This effect can be very significant 
at high sum velocities, particularly when the oil viscosity is high.    In 
that event,  another approximate correction for the "inlet-shear 
thermal effect, " also due to Cheng,36  may be applied,  provided again 
all the other assumptions are not substantially violated. 

21 



When Cheng's side flow and inlet-shear thermal corrections 
are applied to Equation (4), the minimum oil film thickness for a 
flooded, elliptic EHD conjunction of perfectly smooth surfaces is 
obtained: 

„  0.54.      v^0-70R0-43A   A. 
hm   =   26. 5  ^2 y^A      **** (5) 0.13   * 0.03 ^   ' 

w E 

where   hm   =   minimum oil film thickness,   jjin. 

<|>s    =    side flow correction factor 

«|>t     =   inlet-shear thermal correction factor 

The procedure for estimating the values of <|)S and 4>t is con- 
veniently summarized in a recent paper by Cheng. 37   xhe other quanti- 
ties involved in Equation (5) will be further dealt with in Appendix C, 
primarily as a matter of general interest.    However, the calculation of 
the EHD film thickness will not be emphasized in this report.    The 
reasons are many; 9,10but the crucial ones are as follows: 

1. The inlet-shear thermal correction factor does not ac- 
count for the  nonuniform  temperature distribution across the oil film, 
yet this effect can be quite significant in practice.^8    Reliable assess- 
ment of the temperature gradient across the film, particularly con- 
sidering sliding39 and the complex participating flow and heat transfer 
involved, is currently not available. 

2. Similarly,  an improved method for estimating the side 
flow correction factor is required. 

3. Actual surfaces are never perfectly smooth.   Surface 
roughness and surface texture affect the EHD film formation in a 
complex manner; 25,40-42 but there is as yet no confident way to 
assess these effects.   Indeed, if the composite surface roughness 
involved is about the same order of magnitude as the nominal film 
thickness,  EHD lubrication in the classical sense no longer prevails. 
In that event,   the meaning of classical EHD lubrication becomes quite 
obscure, and the computed EHD film thickness resulting therefrom is 
apt to be very misleading. 
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4. Due to the action of the gear teeth and the conventional 
manner of oil supply, the state of gear-tooth lubrication is probably 
always starved,  or far from the flooded assumption.   Although the 
effect of starvation on film thickness behavior is quite well understood 
by assuming an arbitrary inlet boundary location and shape with a uni- 
form temperature distribution across the film,43 these assumptions 
are, as stated above, not realistic for gears.    In any case, there is 
presently no reliable way to relate the extent of starvation (i. e., the 
inlet boundary location) to lubricant,  design,  and operating parameters, 
even under these idealized conditions. 

5. Gear-tooth action also introduces dynamic tooth loading, 
augments oil film development due to normal approach of the tooth sur- 
faces, and causes flow acceleration and deceleration which affect film 
formation.    These effects are difficult to account for quantitatively. 

6. As stated previously, it is now well established that the 
lack of an intact oil film between the relatively moving surfaces is only 
a necessary but insufficient condition for scoring.   In other words, 
scoring always occurs in the boundary lubrication regime, and the 
scoring risk is more realistically assessed by another criterion,  such 
as the critical temperature.   Accordingly,  gear design based on ob- 
taining full EHD lubrication is not only unnecessary, but far too con- 
servative from the standpoint of size and weight. 

7. Even if one chooses to employ full EHD lubrication as a 
design goal, he has no assurance that it will be achieved in practice, 
since the current film thickness predictive technique is inadequate for 
this purpose, for reasons stated above.    It can be readily seen from 
Equation (5) that, everything else being equal,  h^   is inversely pro- 
portional to w 0.1 3f  or w is inversely proportional to (h^n)^* ^•   Thus, 
any errors in predicting the minimum oil film thickness will be greatly 
magnified in the prediction of the scoring-limited power-transmitting 
capacity. 

D. Boundary Lubrication 

The above remarks are not intended to minimize the important 
contributions of the EHD theory to the current understanding of the 
lubrication of counterformal surfaces.    It is only that as knowledge on 
the details of EHD lubrication expands, complications begin to emerge 
and further refinements appear necessary.    In particular,  once the 
operation leaves the full EHD lubrication regime, a continuous and 
undisturbed oil film no longer exists between the mating surfaces. 
The operation then enters the boundary lubrication regime, and the 
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complex chemical interactions involved cannot be ignored. 

It has been argued previously that of the three major lubrication- 
related gear-tooth failure modes,  EHD lubrication is not a necessary 
condition for pitting and not a sufficient condition for scoring.    There- 
fore, in assessing the effect of lubrication-related failure modes on 
gear performance,  the crucial question is not when and how full EHD 
film ceases to prevail; but rather when and how the boundary film 
formed by the oil-metal-atmosphere interaction ceases to inhibit or 
minimize surface failures. 

Boundary lubrication is of course the most investigated but per- 
plexed subject in lubrication.    Literally thousands of references exist 
that pertain to various aspects of boundary lubrication; but a few broad 
treatises should suffice to illustrate its scope and tremendous com- 
plexity. 44-47   it is not possible to deal with the subject of boundary 
lubrication in simple terms.    What appears particularly important as 
pertains to the lubrication-related failure modes of gear teeth will be 
commented on later,  mainly in Chapter VI.   In any case, as the opera- 
tion moves into the boundary lubrication regime,   i. e., when contact 
between the gear-tooth surfaces takes place,  rubbing wear becomes 
inevitable,   scoring becomes a possibility,  and pitting becomes more 
likely.      The manifestation of rubbing wear and pitting damages is 
time-dependent,  and their rates of damage depend upon the physical 
and chemical oil-metal-atmosphere interactions.    The occurrence of 
scoring is quite precipitous,  and is also controlled by boundary lubri- 
cation considerations in some way. 

E. Lubrication-Limited Gear Performance 

It is very difficult to describe the lubrication-related modes of 
gear-tooth failure,  or to evaluate their impact on gear performance 
with much confidence,  mainly because the mechanisms of the failure 
modes are still not well understood and the effect of gear mechanics 
on these failure modes—while known to be large—cannot be accurately 
assessed.    However,   regardless of the approximations involved, an 
analysis made by Blokl9 is instructive. 

In his analysis,  Blok derived general expressions for the maxi- 
mum power transmittable by a set of homologous gears, or gears hav- 
ing similar design and materials,  using a straight mineral oil.   He 
assumed that rubbing wear would not take place if the operation is in 
the full EHD regime.    He considered that scoring was governed by his 
critical temperature hypothesis,  with the critical temperature and 
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instantaneous coefficient of tooth friction assumed constant.   He re- 
garded pitting as strictly a mechanical consideration by ignoring the 
effect of lubrication.   Using these assumptions, Blok concluded that 
in the absence of strength-related failures, the maximum power trans- 
mittable through a set of homologous gears is primarily limited at low 
speeds by rubbing wear, at intermediate speeds by pitting or scoring, 
and at high speeds by scoring. 

As has been discussed in the preceding sections of this chapter, 
Blok's assumptions are rather drastic oversimplifications of very 
complex phenomena.    Quite apart from the difficulty of defining the 
mechanisms of the failure phenomena, which will hopefully come about 
in due time, it is believed that the time-dependent nature of the dam- 
ages due to rubbing wear and pitting can be introduced in the scheme of 
analysis.    While such refinements will alter Blok's predicted trends 
substantially in some regimes of gear operation,  it is not believed that 
his major conclusions will be greatly altered.    The Blok analysis gives 
probably the most convincing reason for the practical importance of 
scoring, especially for aircraft power gears. 

F. Impact of Gear Mechanics 

Lubrication is concerned with the behavior of interacting sur- 
faces in relative motion.   Accordingly, the study of the lubrication of 
any machine element must, by necessity, include a consideration of 
the total effect of the following participating factors: 

1. Motions without regard to the forces acting,  or a study of 
kinematics. 

2. Forces, displacements, and motions, which are the 
concern of what may be termed statics (where a state of rest is as- 
sumed) and dynamics (the general case). 

3. Material and surface characteristics, both physical and 

4. Lubricant characteristics,  both physical and chemical. 

5. Characteristics of the surrounding atmosphere, both 
physical and chemical. 

In other words, lubrication deals with the total interaction 
including all physical and chemical causes and effects, which are in 
most respects time-dependent in character.   In an effort to gain an in- 
sight into some specific aspects of the total problem, one customarily 
begins by isolating the problem into neat, individual packages that can 
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be more readily attacked.    This is a logical and necessary learning 
process; but one must not lose sight of the fact that these prescribed 
packages may or may not neatly simulate gear operation.    As explained 
previously, although much has been learned about the lubrication of 
idealized sliding-rolling systems in steady-state operation, certain 
basic issues still remain.    Additionally,  in order to translate such 
idealized knowledge into practice,  the mechanical behavior of gears 
must be brought into focus; but this is an area that has not engaged 
the needed attention of lubrication engineers. 

Gears employ counterformal surfaces and are thus subject to 
high normal stresses.    As they go through a mesh cycle, the tooth load, 
sum velocity,  and sliding velocity all vary in manners dependent on 
the gear type and design. 

Gear kinematics can be precisely defined by assuming com- 
pletely rigid gears. 1 3-15, 48   Even so, the matter acquires much com- 
plexity with such gear types as the hypoids and spiral bevels.   In 
reality,  gears are never completely rigid,  hence one must deal with the 
interactions between forces and displacements or motions.   One then 
encounters the problems of statics and dynamics of gears, which will 
now be highlighted. 

Surface Deformation — Since gears are not completely rigid, 
one must consider the consequences of this fact.    One important con- 
sequence is the local elastic deformation of the counterformal surfaces 
under load,  which gives rise to elastohydrodynamic lubrication,  the 
application of which to gear lubrication has been discussed. 

Tooth Deflection — The elastic deflection of the gear teeth 
affects tooth profile modification and the manner of load sharing among 
the teeth.    Although the subject of load sharing will be covered later, 
some general remarks appear in order here.    Consider,  for example, 
a set of involute spur gears (assuming no manufacturing errors) with 
a contact ratio of less than 2,  for which the load is carried by two 
pairs of teeth at the beginning and end of the mesh cycle,  and by only 
one pair of teeth during the remaining portion of the mesh cycle.   In 
this simple case, the relation between the load sharing pattern and 
tooth profile modification for a particular design load can be established 
by statics with relative ease,  but still with some measure of empiri- 
cism.   If the contact ratio is,   say, between 2 and 3,  the load is carried 
by three pairs of teeth at the beginning,  middle,  and end of the mesh 
cycle, and by two pairs of teeth during the remaining portions of the 
mesh cycle.    The load sharing and profile modification problem of 
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high-contact-ratio gears is considerably more difficult to solve.   De- 
sign optimization is far more complex, because the propensity of both 
strength-related and lubrication-related failures depends markedly on 
how the high contact ratio is achieved.49   Nevertheless, high contact 
ratio normally exists in such gears as the helicals and spiral bevels; 
and it is gaining in popularity for aircraft spur gears. 

Other Deflections — The gear bodies,  shafts,  support bearings, 
and housing also deflect under load.   These deflections may modify load 
sharing among the teeth, or cause tooth misalignment.   Analysis of 
these deflections is even more difficult than that of tooth deflection; a 
rational approach is currently lacking. 

Tooth Misalignment — Tooth misalignment may be due to the 
numerous bulk deflections mentioned above, manufacturing errors, 
stackup of tolerances in the assembly process,  or differential thermal 
expansion.    Whatever the causes,  misalignment can greatly affect both 
strength-related failures^"" and lubrication-related failures. ^2   Mis- 
alignment is one of the most nasty problems to handle, because it is 
difficult to measure and control in practice, and reliable prediction of 
its effects is still not available. 

Dynamics — The dynamics of gear-tooth behavior, due to the 
transient nature of tooth engagement,  operation away from the profile- 
modified design point,  manufacturing errors,  and externally imposed 
dynamic conditions, is an exceedingly complex subject.   Clearly, if 
the actual tooth load is much higher than that derived for the static 
case, then estimates for both strength-related and lubrication-related 
failures based on the static load can be overly optimistic.   As will be 
seen later, the dynamics of gear teeth of simple geometry, under 
idealized conditions, has been a subject of much study, mainly with 
regard to strength-related failures.   Even so,  the dynamics of a com- 
plete gear system, and also the dynamics of lubricant flow to and over 
the gear teeth, are quite different matters.    The effects of gear and 
lubricant flow dynamics on lubrication-related failures, as well as the 
time-dependent chemical interactions involved in the failure processes, 
are by and large not well understood at present. 
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CHAPTER m 
SPUR GEAR MECHANICS 

A. Spur Gear Kinematics 

Spur gears are the most common form of gears in use.    They 
operate on parallel shafts and all elements of a gear tooth are parallel 
to those shafts.    The shape of a gear tooth may take one of many forms, 
provided the contact between mating pairs of teeth results in a conju- 
gate motion; i.e. ,  the transmission of motion at constant angular ve- 
locity.    The most commonly used tooth form is derived from the 
involute of a circle. 

This chapter will discuss several important aspects of involute 
g'.ar mechanics as applicable to the problem of gear scoring.    More 
detailed treatment of involute gear mechanics may be found in standard 
texts. 13-15 

Figure 1 shows a transverse view of two involute gears in mesh. 
The smaller one of the pair,  usually called the pinion,   is the driving 
member in this illustration.    The larger one,  usually called the gear, 
is the driven member.    Contact initiates at point A between a pair of 
teeth and continues along the line AD until the pair of teeth disengage 
at point D.    The line AD is the path of contact.    To avoid interference 
between the tooth profiles,  contact must lie between points V and W, 
the interference points. 

The line VW is tangent to the base circles of the pinion and 
gear,  which are unique to any given pair of involute gears.    This line, 
of which AD is a part,   makes an angle <j) with the normal to the line of 
centers.    This angle is the pressure angle,  as shown in the lower por- 
tion of Figure 1. 

Figure 1 shows two adjacent pairs of teeth in contact,   one pair 
at A and the second pair at B.    If the line VW,  assumed to be a flexible 
but inextensible cord,   were loosened at point W and wrapped around 
the pinion base circle,  and then loosened at point V and wrapped around 
the gear base circle,  scribers attached at points A and B would alter- 
nately trace involutes on the pinion and gear blanks which would form 
part of the active portions of the mating tooth surfaces.    The length AB 
is equal to the arc length A'B',   the normal base pitch. 

The distance from any point of tooth contact to the interference 
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Figure 1.     Spur gear geometry and kinematics 
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point is the instantaneous radius of curvature of the tooth profile at 
the point of contact.   Thus in Figure 1, the radii of curvature at A are 
AV for the pinion tooth and AW for the gear tooth.   Similarly at B, the 
radii are BV and BW. 

The instantaneous sliding and sum velocities at the contact 
point may be determined from the instantaneous radii of curvature of 
the two teeth at that point and the angular velocities of the pinion and 
gear.    Referring to Figure 1, they are 

Vs   =   Pp^p - PgUg <6) 

Vt    =   Ppwp + Pgwg W 

where   Vs = instantaneous sliding velocity, ips 

Vt = instantaneous sum velocity, ips 

p = instantaneous radius of curvature of pinion tooth, in. 

p = instantaneous radius of curvature of gear tooth, in. 

60- = angular velocity of pinion,   rad/sec 

dig = angular velocity of gear,  rad/sec 

The gear ratio,  or the ratio of the larger to the smaller number 
of teeth in the mating gears,  is 

Ne        D        wD _S   =   _   = -J£ (8) 
Np        d Wg 

where   G        =     gear ratio 

d =     pitch diameter of pinion, in. 

D        =     pitch diameter of gear, in. 
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Np      =    number of pinion teeth 

Nj,      =     number of gear teeth 

It can be readily shown that as a pair of teeth go through the 
mesh, the sum velocity remains positive throughout the mesh cycle. 
On the other hand, the sliding velocity starts at a maximum negative 
value at point A,   rises to zero at the pitch point O, then it becomes 
positive and increases to a maximum positive value at point D.    For 
the case of G = 1, the sum velocity is constant throughout the mesh 
cycle, while the absolute value of the sliding velocity variation is 
symmetrical with respect to the pitch point.    If the pinion is the driver, 
as shown in Figure 1, the sum velocity will increase as the mesh pro- 
gresses from A to D, and the absolute value of the sliding velocity 
will be greater at A than at D.    With the gear as the driver, the sum 
velocity will decrease \a the mesh progresses from A to D, and the 
absolute value of the sliding velocity will be less at A than at D. 

B. Spur Gear Statics 

It has been pointed out that a pair of spur gear teeth first engage 
at point A (Fig.   1) and finally disengage at point D.    Figure 2 shows 
two involute spur gears at the instant that a pair of teeth engage at A. 
A second pair of teeth are already in mesh at B.    As the gears rotate, 
the pair of teeth previously in mesh at B will move to point D,  where 
they are ready to disengage.    The pair of teeth previously at A are 
engaged at point C.   Any further motion will result in the teeth at D 
separating and the teeth at C being the only pair of teeth in contact.   It 
is obvious that as the pair of teeth at A move to C, and the pair of 

I teeth at B move to D,  the load is shared between these two tooth pairs. 
However, as the pair of teeth at C move to B, the load is carried 
entirely by this single pair of teeth.   A measure of the portion of the 
total contact time during which two pairs of teeth share the load is 
given by the contact ratio,  defined as 

■ 

AD ._. mc   =     (9) 
Pb 

where   mc     =     contact ratio 

AD     =     length of path of contact, in. 
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Figure 2.     Spur gear contact condition 

32 



Pb    =    base pitch,  in. 

Contact ratios of properly designed spur gears are normally in the 
range of 1. 3 to 1. 7; and the greater the contact ratio, the longer two 
pairs of teeth share the load during the mesh cycle. 

The load distribution between the two pairs of teeth simulta- 
neously in contact between AC and BD is a function of the tooth deflec- 
tion under load and the tooth profile modification. 

Walker 50-52 hag shown to an engineering approximation that 
the normal deflection at an arbitrary point M of a full-depth involute 
spur gear tooth under a normal load at M is given by the expression 

'm 
Uwm h 
 cos 0 

E      t 
(10) 

where   6m   = normal deflection of tooth, in. 

wm  = unit normal load on a single tooth at point M,  lb/in. 

E      = Young's modulus,  oai- 

h      = height of inscribed parabola, in. 

t       = width of inscribed parabola, in. 

0       = load angle,  deg. 

The parabola height and width are those associated with the 
tooth-equivalent beam of uniform bending stress inscribed in the tooth 
profile^*» 52 and illustrated in Figure 3.    The load angle is the angle 
between the load line and a line normal to the center line of the tooth. 
It is also shown in Figure 3. 

The total deflection between a pair of teeth in contact at M is 
the sum of the individual deflections of each tooth,  or 

'm 
=   ömp + ömg (11) 
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Figure 3.     Load on a single tooth 

34 



When the gear teeth are loaded, they deflect; and the deflection 
manifests itself as a relative angular shift between the gears.    The 
result is that the teeth interfere with each other at the point of load 
engagement.    This is illustrated in Figure 4.    The interference at 
point A may be eliminated if the tooth on the driven gear were to have 
the "overlapping" material at its tip removed.    Then the tip of this 
gear tooth would once again make initial contact with the driver gear 
tooth at the point A.    To ensure smooth engagement of the teeth as the 
mesh continues,  material is removed along the entire tip of the working 
face of the driven gear tooth from A to C.    To avoid a similar inter- 
ference during the mesh cycle from B to D, the driver gear tooth pro- 
file is relieved from B to D.    It is seen from Figure 4 that the maxi- 
mum profile modification to be applied to the tip of the driven gear tooth 
is equal to the total tooth deflection at point B.    Similarly,  the maxi- 
mum profile modification to be applied to the tip of the driver gear 
tooth is the total tooth deflection at point C.    The amount of modifica- 
tion between points A and C,  and between points D and B,  usually 
reduces linearly along the profile. 

It should be apparent that if the modification is determined by 
the deflection of the teeth at some given load,  then the modification 
will not be ideal at other loads.    If the load is greater than that for 
which modification was selected,  some interference will occur,  but 
certainly not to the extent had there been no modification at all.    If, 
on the other hand, the load is less than that for which modification 
was selected,  the teeth will be slightly late in engaging and early in 
disengaging, but no interference will occur.    The usual practice is to 
choose the modification to give a smooth load transfer at the load level 
most often encountered during operation. 

If it is assumed that during contact between two pairs of teeth 
(double tooth contact), the total deflections at each contact pair are 
equal,  and that the sum of the loads at each pair are equal to the total 
transmitted load, the individual normal tooth loads may be determined. 

For contact between A and C (Fig.  2),  the normal load at an 
arbitrary point i is 

6,+ Ai - Ai 
Wi   =   W    J        J     (12) 

Öi+ öj 

* In practice, the calculated modification is applied fully at the first 
point of contact, but only partially at the last point of contact,  in an 
effort to allow the gear set to run smoother at less than the design load. 
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where   W^    =    normal contact load at any arbitrary point i of double 
tooth contact, lb 

W = total normal load, lb 

6^ = total tooth deflection at i,  in. 

6; = total tooth deflection at j,  one base pitch from i,  in. 

Ai = modification of driven tooth at i, in. 

A; = modification of driver tooth at j,  in. 

For contact between B and D,  at a point j one base pitch along 
the line of contact AD from point i, the normal load is 

Wj   =   W  -  W^ (13) 

where   W;    =    normal contact load at j of double tooth contact,  one 
base pitch from i,  lb 

For single tooth contact between C and B,  the normal load is 
constant,  as for example at am arbitrary point k, 

Wk   =   W (14) 

where   Wk   =    normal contact load at any arbitrary point k of single 
tooth contact,  lb. 

Equations (12),  (13), and (14), when applied to points along the 
path of contact,  define the load sharing pattern through the mesh cycle 
of spur gears with a contact ratio between 1 and 2.    This fairly labori- 
ous calculation can easily be performed by means of a computer pro- 
gram,  as is done in the current work (App.  H).    If such a computer 
program is not available,  an approximate load sharing pattern,   such 
as that used in the AGMA gear scoring design guide,3 is often used in 
practice.    The AGMA load sharing pattern is fixed,  and is independent 
of the load level.    However, in view of its approximate nature, this 
objection is mainly academic. 
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Spur gears with contact ratios greater than 2 are fairly rare; 
but are gaining in popularity for aircraft power gears.   The impact of 
high contact ratio on spur gear performance has been discussed re- 
cently by Staph.49    If the contact ratio is between 2 and 3, then 3 pairs 
of teeth share the load at the beginning, middle, and end of the mesh 
cycle; while only 2 pairs of teeth share the load during the remaining 
portions of the mesh cycle.    The computation of the load sharing pat- 
tern for such gears can be done in a similar manner,49 by using the 
Walker procedure.    The AGMA load sharing pattern mentioned above 
does not apply to this case. 

Tooth loads found by the above procedures are static loads,  or 
those for very low-speed operation.    Rigorous analysis of load sharing 
under dynamic conditions is currently not available.    Gear-tooth 
dynamics can thus only be treated in ail approximate manner, which 
will be discussed in the section which follows. 

C. Spur Gear Dynamics 

In the previous section, equations were given for finding the 
tooth loads between mating gear teeth for static or very low-speed 
operation.    If the tooth profiles were perfectly designed,  if the gears 
were perfectly manufactured and assembled,  if the gears were oper- 
ated at that unique load level for which the tooth profile modifications 
were designed,  and if no other dynamic stimuli were present in the 
system, then these equations would also be valid for high-speed 
operation.    Unfortunately, these conditions aro never achievable in 
practice.    Because of these deviations from the ideal, the actual tooth 
loads are higher than those calculated from the static load equations. 

Dynamic loads result when,  for one reason or another, the gear 
teeth undergo an angular speed change in the meshing process.    For 
example,  in a gear set in which the pinion is the driver, if the gear 
tooth just ready to engage the pinion tooth is too thick (a manufacturing 
tolerance problem), contact between the teeth will not occur on the 
line of action; but somewhere ahead of and off the line.   The action 
will not be conjugate.    The teeth will deflect to some small extent 
under load,  lessening the shock of the sudden loading; but the main 
result will be an acceleration of the gear or a deceleration of the 
pinion, each in an effort to bring the point of contact, now off the line 
of contact, back onto the line.    This acceleration or deceleration gives 
rise to an overload, or a dynamic load increment.    The static load 
plus the dynamic increment is the dynamic load. 
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Although the previous example illustrates the dynamic load as 

being produced by the velocity change occurring at the first point of 
contact, in fact no such limitation exists.   At any time during the 
nominal engagement of a pair of teeth whose profiles are such that con- 
tact moves off the theoretical line of action, a velocity change will 
occur to the pinion and the gear,  producing a dynamic load.    Generally 
speaking, however,  the velocity change at the initial point of contact is 
the greatest and hence produces the largest dynamic loading in the 
cycle. 

All gear pairs experience dynamic loads to some degree since 
gear perfection is not a reality.    For high-precision gears operating 
at moderate speeds and loads, the dynamic loads are not very high 
and they do not cause serious problems.4-o    On the other hand,   highly- 
loaded gears and very high-speed gears,  even lightly-loaded, may 
experience dynamic loads sufficiency high to cause concern.    This is 
particularly true where a gear pair is designed for the ultimate in 
power-to-weight ratio such as aircraft gearing. 

Of particular concern are gear systems which operate at speeds 
near the natural frequency of the gear masp/tooth spring system.   At 
resonance the dynamic increment can equal the load due to the input 
power. 53-55   Sonne evidence exists which shows even higher dynamic 
increments if the damping in the system is less than about 7 percent of 
critical.53-55    Fortunately,  most combinations of material,  lubricant, 
and gear blank design will provide this value of damping. 

Dynamic loads may result from manufacturing tolerances in the 
pitch,  pressure angle,  tooth thickness,  tooth profile, and lead,  or 
from misalignment or tooth deflection,  or anything which causes the 
gears to deviate dimensionally or operationally from perfection.    Like- 
wise, dynamic loads may arise from the operation of modified profile 
gears at loads other than that for which the modification was based, 
since the effect is the same as tooth mesh errors due to manufacturing 
tolerances. 

From a practical standpoint,  dynamic loads may be related to 
tooth deflection,  6,   pitch error,  e,  and profile modification,  A.   Table 
2 shows the relationships involved for several combinations of pitch 
error, deflection, and profile modification.    The pitch error is the 
sum of the allowable pitch tolerances of each gear.    Pitch tolerances 
are found in the AGMA Gear Handbook 56 for the class of gear under 
consideration.    The total tooth deflection 6 is the deflection at the 
point B (Fig.  2),   since it is this deflection that affects the mesh at A. 
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TABLE 2.     EFFECTIVE TOOTH ERRORS 

Pitch Total tooth Effective Profile        Effective 
error, deflection, pitch error. modification, error. 

Case e Ö ef A ee 

• a 0 0 0 0 0 

b e 0 e 0 e 

c e 6 e + 6 0 e + 6 • 

d e 6 e + Ö -6 e 

e e 6 e + 6 -A e+ö-A 
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The effective pitch error, ef, is the algebraic sum of e and 6. 

The profile modification A is the sum of the tip modification of 
the driven gear and the root modification (if any) of the mating driving 
gear.    Normally,  profile modification tolerances are positive (i. e., 
removal of material),   reducing the effective error and are thus not 
considered.    Note in Table 2 for case d, the modification is equal to the 
total tooth deflection, thus negating the effect of the deflection at 
engagement. 

The effective error, that error which the teeth "see" as they 
engage,  is the algebraic sum of ef and A.    It is this error,  regardless 
of its source or makeup,  that will cause the dynamic load. 

Gear-tooth dynamics has been a subject of considerable study 
from both theoretical and experimental standpoints; and the complexity 
of the problem is well illustrated by some of the references cited here- 
in. 53-55, 57-6 5   Among the works that are fairly typical of the state of 
the art, the Seireg and Houser method^l.oZ represents a combined 
theoretical and experimental approach but is rather difficult to apply, 
while the Tuplin method"^ i8 based on a simple theoretical approach but 
is easier to use in practice. 

It should be emphasized that the subject of gear-tooth dynamics 
is exceedingly complex.    It involves by necessity not only the dynamic 
behavior of the gear teeth themselves, but also of the other components 
in the system which participate in governing the dynamic behavior of 
the gear teeth.    The displacement,  elastic,  damping,  and inertia char- 
acteristics of all these participating components are difficult to define 
and account for; and how well the currently available approaches 
actually work out in practice remains intriguing.    In view of this situa- 
tion,  only the relatively simple Tuplin's method°3 will be discussed 
herein and employed in the computer program in this report (App.  H). 
In addition to the Tuplin method, the empirical and even simpler AGMA 
approach^-o will also be mentioned. 

A convenient way to account for the dynamic effect is to intro- 
duce a dynamic factor,  Ky,  defined as 

K v   - 
static load 

dynamic load 

static load 
static load + dynamic increment 

(15) 
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The static load is computed by the procedure outlined in the preceding 
section.    The dynamic load is then the static load divided by the dy- 
namic factor. 

Tuplin's Method.     In order to apply the Tuplin method,"^ it is 
necessary to calculate the period of the natural frequency of the gear 
mass/tooth spring system.    It may be calculated by any convenient 
method, as for example,  the Hölzer method,  or by the following ap- 
proximation: 

Tn   =   2.   /^ (U) 

where   Tn    =     period of natural frequency of gear mass/tooth spring 
system,   sec 

m     =     equivalent mass of pinion and gear,  lb-sec2/in. 

k/    =     spring rate of a pair of mating spur gear teeth,  lb/in. 

The spring rate of a pair of mating teeth is approximately con- 
stant through the mesh; thus a fair approximation to the spring rate 
may be found by considering a cantilever beam loaded with a uniform 
load across the tip.    This gives 

FEp3 

ki   =    E . (17) 
32 (D0 - D)3 

where   F = face width, in. 

E = Young's modulus, psi 

p = circular pitch,  in. 

D0 = gear outside diameter, in. 

D = gear pitch diameter, in. 

If the gear drives, the equivalent pinion diameters should be used for 
D0 and D. 
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The time for the tooth error to be applied is assumed to be the 
time for the gears to turn through one circular pitch, or 

te   =  -2- (18) 
Vt 

where   te    =     time for tooth error to be applied, sec 

Vt    =     pitchline velocity,  ips. 

The ratio te/Tn is used in Figure 5 to determine the value of 
ea/ee> With ee obtained from Table 2, the apparent tooth error, eai 
is calculated; and the dynamic increment is then 

Fi   =   kiea (19) 

where   Fi    =     dynamic increment, lb 

ea    =     apparent error,  in. (from Fig.  5) 

The dynamic factor, Kv, may then be calculated from Equation (15). 

If the gear train operates at speeds near the resonant frequency 
of the gear mass/tooth spring system, it may be shown that the critical 
value of te/Tn is given by the reciprocal of the number of pinion teeth.o^ 
Assuming a minimum number of pinion teeth as being 12,  the critical 
value of te/Tn is 0.083, and ea/ee = 0.96 from Figure 5.   From 
Equation (19), 

i    = m ki    —      ee   =   0.96 k^ee ' k|ee 

In other words, the dynamic increment is nearly equal to the static 
load, or Ky is nearly 0. 5, a  result suggested earlier. 

AGMA Method.     The AGMA method"*   is extremely simple to 
apply in practice; but its use requires much experience and judgment. 
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This method states that the dynamic factor, Kv, depends on:   "(a) ef- 
fect of tooth spacing and profile errors,  (b) effect of pitchline and 
rotational speeds, (c) inertia and stiffness of all rotating elements, 
(d) transmitted load per inch of face, and (e) tooth stiffness. "   It then 
furnishes three simple equations for the dynamic factor, herein desig- 
nated as Kvi, Kv2, and Kv3 for convenience, for the following three 
situations: 

For "high-precision" gears when the effect of the items listed 
above are such that "no appreciable dynamic load is developed, " 

Kvl    =   1 (20) 

For "high-precision" gears when the items listed above "can 
develop a dynamic load, " 

Kv2   =     /^ 
V 78 + 

18 (21) 

For less precise gears. 

Kv3 =     söTTfr <22, 

In Equations (21) and (22), Vt is the pitchline velocity,  fpm. 

The AGMA equations can of course be faulted for their lack of 
sophistication.   However, in view of the complexity of the total gear- 
tooth dynamics problem and the difficulty of handling the problem in a 
rigorous but realistic manner, they do provide some easy and practical 
means of accounting for the dynamic effect if caution is exercised. 

Further discussion of the dynamic factor as applied to practical 
prediction of the scoring-limited performance of gears will be deferred 
until Chapter VII. 
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CHAPTER IV 
HELICAL GEAR MECHANICS 

A. Helical Gear Kinematics 

If a spur gear were sliced transversely into a number of thin 
plates, and each plate were displaced through a small positive angle 
with respect to the preceding one, the result would be a stepped gear. 
To carry the process further, the plates could become infinitesimal 
in thickness and infinite in number, then the result would be a helical 
gear.    Consequently,  the tooth profiles in any transverse plane of a 
helical gear are identical,  but are shifted through an angle propor- 
tional to the axial displacement.    The intersection of the tooth surface 
with the pitch cylinder is a helix. 

The contact in a pair of uncrowned helical gears on parallel 
axes is approximately a rectangle.    In actual practice, the contact may 
not be like this if misalignment is present, but may be more nearly a 
distorted ellipse. 

Two helical gears viewed in the transverse plane (normal to 
the axes of rotation) are shown in Figure 6.    The plane of action is 
projected above the gears.    The slant lines in the plane of action are 
the lines of contact of the contacting tooth pairs.    There are,  in this 
case, two pairs of teeth simultaneously in contact,  spaced one normal 
base pitch apart.   Contact between a pair of teeth starts at point A 
and sweeps across the plane of action to end at point D1. 

The geometry at an arbitrary point H on a line of contact may 
be found by determining the point's projection H   in the transverse 
plane.    Then methods of analysis similar to those for spur gears may 
be used to determine tooth geometry at H*.    The base helix angle, v^, 
may be taken into account to translate the results back into the normal 
plane. 

The projected radii of curvature at H   in the transverse plane 
are 

^P =   VH1 

pg   =   WH' 
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Figure 6.     Helical gear geometry and kinematics 
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These radii may be translated back to the point H in the normal plane 
by taking into account the base helix angle, ^b» thus 

ppn     =   VH' sec v|ib 

Pgn     =    WH' sec ^b 

Using these radii in the normal plane, the instantaneous slid- 
ing and sum velocities at the point H are 

Vs   =   (PpnWp  - PgnCDg) cos »Vb (23) 

Vt   =   (Ppn^p + PgnWg) co8 ^ b (24) 

where     ppn     =    radius of curvature of pinion in normal plane,  in. 

Pgn     =    radius of curvature of gear in normal plane, in. 

COp      =    angular velocity of pinion,  rad/sec 

(tig      =    angular velocity of gear,  rad/sec 

^b      =    base helical angle, deg. 

B. Helical Gear Statics 

As illustrated in Figure 6, two pairs of teeth are simulta- 
neously in contact at the instant shown.    This set of gears will always 
have two pair of teeth in contact at any one time, since as the leading 
line of contact nears point D1, a new line enters at point A.    Properly 
designed helical gears will always have at least two and often more 
pairs of teeth in contact at any one time.    Because several pairs of 
teeth are in confact at one time, helical gears operate more quietly 
than spur gearu, and with less shock at tooth engagement. 

Like spur gears, a measure of the load sharing between pairs 
of teeth simultaneously in contact is the contact ratio.   However, since 
contact in the plane of action of helical gears is in two dimension-, 
there are two contact ratios.    The face contact ratio is that due to the 
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helical nature of the tooth elements that cause overlap between pairs 
of teeth.    In terms of gear parameters,  it is 

mf   =   FUnJi (25) 
P 

where      mf = face contact ratio 

F = face width,  in. 

v|i = helix angle,  deg. 

p = transverse circular pitch,  in. 

I he transverse contact ratio is that due to load sharing in the 
transverse plane and is identical in nature to the contact ratio in spur 
gears,  or 

mc   =     (26) 
Pb 

where p^j is the transverse base pitch,  in. 

The total contact ratio is the sum of the face and transverse 
contact ratios,  or 

mt   =   mc  +  mf (27) 

Because the load extends from the tip,  diagonally across the 
gear face,  to the root of a tooth,  the tooth deflection is a complex 
function of tooth form and helix angle.    No rational method is available 
for determining the tooth deflection.    However,  the flexibility of the 
tooth loaded near the tip, and the rigidity of the same tooth simulta- 
neously loaded near the root,  together with the several teeth in contact 
at one time, tend    to distribute the load more evenly over the instan- 
taneous lines of contact for uncrowned helical gears.    This approxi- 
mation is implied in the AGMA standard for rating the strength of heli- 
cal and herringbone ^ear teethS in the calculation of the load sharing 
ratio 
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where   mj^    =    load sharing ratio 

L        =    total length of lines of contact for all tooth pairs 
simultaneously in contact, in. 

This equation implies that the fraction of the total normal load 
carried at any instant by any tooth is proportional to the ratio of the 
length of the instantaneous line of contact on that tooth to the total length 
of all instantaneous lines of contact on all teeth. 

Figure 7 is a view of the plane of action of a pair of helical 
gears.    Three pairs of teeth are in simultaneous contact in this illu- 
stration.    The position of a line of contact from the time it starts at 
point A until it exits at point D1 is determined by the parameter i, 
measured normally to the lines of contact.    There may be,  as shown 
in Figure 7,  lines of contact ahead of and behind this line at a distance 
of pjg, the normal base pitch, apart. 

The line of contact at distance f may be divided into a number of 
equal divisions and each such division may be treated for purposes of 
analysis as an elemental spur gear tooth having a width in the normal 
plane equal to the length of the division.    The load is assumed constant 
over the length of the division, so that 

Wj   =   Wi/L (29) 

where   Wt      -    normal load on the elemental gear, lb 

W        =    total normal load, lb 

i =    length of a division, in. 

Thu instantaneous sliding and sum velocities in the normal 
plane at the point of contact in the middle of the divi uon, as for exam- 
ple at point M, are used as being representative of the conditions on 
the elemental gear. 

C. Helical Gear Dynamics 

Dynamic loads in helical gears arise from the same causes 
as they do in spur gears; namely,   manufacturing tolerances, tooth 
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Figure 7.     Helical gear contact condition 
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deflections,  system dynamics,  or anything that results in a change 
in the angular speeds of the teeth in action.   However, since the load 
on helical gear teeth is applied diagonally across the tooth face, 
and because at least two and usually more teeth are simultaneously 
in contact,  the tooth deflections are not as severe as they are in spur 
gears.   Consequently, dynamic loads are,  on the whole,  somewhat 
less for helical gears than they are for spur gears.    With only minor 
changes,  the methods for determining the dynamic factors described 
previously for spur gears may be applied to helical gears. 

Tuplin's Method.     The dynamic factor for helical gears may 
be computed by the same equations presented in the preceding section 
for spur gears, with one exception.    This exception relates to the tooth 
spring rate,  k|.    Equation (17) previously given applies to spur gears. 
For helical gears,    .^e approximate equation is 

__    trE(pcos^)3 (30) 
1 96 (D0-    D)2 

where   k| = tooth spring rate for helical gears,  lb/in. 

£ = Young's modulus,  psi 

p = transverse circular pitch,  in. 

t|/ = helix angle, deg 

DQ = gear outside diameter,   in. 

D - gear pitch diameter, in. 

Note that the quantity p in Equation (18) should be the transverse circu- 
lar pitch,   since it and not the normal circular pitch governs the dis- 
tance moved by points on the pitchhne of the rotating gear. 

AGMA Method.    The AGMA method for estimating the dynamic 
factor of helical gears is also basically identical to that for spur 
gears.    For helical gears, the AGMA procedure specifies two dynamic 
factors, Kyi and KyZ.  exactly as in Equations (20) and (21),   respec- 
tively.    The third dynamic factor, KyS. is not used for helical gears. 
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CHAPTER V 
SPIRAL BEVEL GEAR MECHANICS 

A. Spiral Bevel Gear Kinematics 

Spiral bevel gears are related to straight bevel gears in much 
the same manner as helical gears are related to spur gears.    That is 
to say, the element of a spiral bevel gear tooth forms a spiral helix 
about the pitch cone,  whereas the element of a helical gear tooth forms 
a cylindrical helix about the pitch cylinder.    Many of the advantages 
and disadvantages of helical gears,  such as multiple tooth contact and 
thrust loading,  are present in spiral bevel gears. 

The bases of spiral bevel gears are pitch cones which intersect 
at a common point.    The axial plane contains the gear axes.    Figure 8, 
looking normal to the axial plane,  shows some of the parts of a pair of 
spiral bevel gears.    The pitch plane is seen as the line PO, and the 
pitch point is point P. 

Figure 9 looks at the pitch cone normal to the pitch plane.   Ele- 
ments of a tooth make an angle ty with the cone element midway of the 
face width.    This is the spiral angle,  and it is equivalent to the helix 
angle in helical gears with the exception that,  due to the taper of the 
pitch cone, the value of the spiral angle is not constant but depends 
upon where along the cone element it is measured. 

A section of the tooth on the normal plane is also shown in 
Figure 9.     The pressure angle, <J)n,  is specified in this plane.    The 
most common spiral angle is 35°; the usual pressure angle is 20°. 
The tangent plane is also shown in Figure 9. 

Since the plane of action shows the contact on all teeth in action 
simultaneously,  it is more convenient to use the plane of action for 
study than to use the tooth surface.    Accordingly,  Figure 10 shows the 
plane of action bounded by the pairs of curved and tapering lines.    To 
simplify the analysis,  the plane of action is assumed to be rectangular 
with width F and length Z as shown in Figure 10. 

The three diagonal lines in the plane of action represent the 
contact between three pairs of teeth which at the instant are sharing 
the load.    These lines are actually the major axes of contact ellipses. 
The ellipse passing through the ends of the instantaneous lines of con- 
tact represents the limits of contact.    If it were not for mismatch of 
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Figure 8.     Spiral bevel gear geometry 
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Figure 10.     Spiral bevel gear contact condition 
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the teeth (to be discussed more fully later), the lines of contact would 
extend theoretically to the edges of the rectangle.    Because the plane 
of action is tangent to the base cone, the lines of contact are inclined 
to the cone element by the angle ^b» instead of ^ as in Figure 9. 

Because contact in the plane of action of spiral bevel gear teeth 
is in two dimensions, there are, as in helical gears, two contact ratios. 
These ratios are calculated from Equations (25) and (26) for helical 
gears, but they are combined differently to give a modified contact 
ratio as 

mo =    ymf2 + mc2 (31) 

where   m0      =    modified contact ratio 

m£      =    face contact ratio 

mc      =    transverse contact ratio 

Sliding and sum velocities between tooth contact points midway 
of the line of contact VW are found by determining the components of 
the absolute velocities of the contact points on the pinion and gear in 
the tangent plane. 

It may be shown^^ that the component of the velocity of the 
point of contact of the pinion tooth in the direction along the tooth ele- 
ment is 

VFp 'n tan V)J +    I ZQ     sin (j>n tan *\i 
A tan y 

where   V Fp 

-    | Zo|   co8«t.n—± 
A cos 4* 

(32) 

component of velocity in the tangent plane of contact 
point on pinion along tooth element,  ips 

normal component of pitch point velocity in the pitch 
plane,  ips 

mean spiral angle (i.e.,  spiral angle at mean point. 
Fig.  9),  deg. 
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Z0       =     distance in the plane of action from center of contact 
to projection of contact point in mean normal section, 
in. 

<t)n       =     pressure angle in normal plane,   deg. 

A -     mean cone distance,  in. 

y =     pinion pitch angle, deg. 

The component of the velocity of the point of contact of the pinion 
tooth in the profile direction is 

VPp   =   Vn 8in(|)n+ Z0 
1 

A tan y 
(33) 

where   V 
PP 

component of velocity in the tangent plane of contact 
point on pinion in the profile direction,  ips 

Similar equations may be written for the corresponding contact 
point on the gear, in the tangent plane,  as 

Fg n tan 4-    |Z0|    sin<t.n   -^^ 

Z0 I   cos <()„ — 0 n A cos r 

VPg   =   Vn sin <}>_ - Z« =- n        0   A tan T 

(34) 

(35) 

where   Vpg    =     component of velocity in tangent plane of contact point 
on gear along tooth element,  ips 

F =     gear pitch angle,  deg. 

Vpg    =     component of velocity in tangent plane of contact point 
on gear in the profile direction,   ips 

The difference and the sum of the components of the velocities 
in the two directions give the sliding and sum velocity components in 
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the direction along a tooth element and in the profile direction.   Since 
these directions are orthogonal, these resulting components may be 
combined to give the sliding and sum velocities as 

Vg   =     ./(VFp - VFg)2   +   (Vpp - Vpg)2 (36) 

Vt   =     ./(VFp + VFg)2   +   (Vpp + Vpg)2 (37) 

In order to apply Blok's conjunction temperature rise equation, 
it is necessary to determine the time for a contact point on each of a 
pair of sliding surfaces to cross the heat zone, the area of contact 
between the two surfaces.    This requires a knowledge of the distance 
across the contact area.   In spur and helical gears,  this distance is 
the same for the point of contact of the pinion and gear.    Because the 
axes of spiral bevel gears are not parallel,  the corresponding contact 
points on the pinion and on the gear move across the area of contact in 
different directions. 

Figure 11 shows a typical instantaneous contact area in the 
tangent plane of a pair of spiral bevel gears.   Vp and Vg are the vector 
sums of the velocity components Vpp and Vpp for the pinion,  and Vpg 
Vpg for the gear,  respectively.    The distance that the contact point on 
the pinion travels as it sweeps across the contact area is dp, in the 
direction of Vp.   Similarly,  the distance that the contact point on the 
gear travels as it sweeps across the contact area is dg, in the direc- 
tion of Vg.   These distances are 

S = 2 l~r~2 ^5—2       (38) J
 a^sin^ («p + w) + h'coB6, (ap + w) 

d     =   2   /-= ; äikL  
B V a2sinz (a   + to) + b2cosz (a„ + w) 

g g 

\ 
where   dp       =    instantaneous sliding distance of the pinion acroPd the 

cor.tact area, in. 
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Figure 11.     Spiral bevel gear kinematics 
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a 
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05 

instantaneous sliding distance of the gear across the 
contact area, in. 

major semiwidth of the contact ellipse,  in. 

minor semiwidth of the contact ellipse,  in. 

angle the resultant pinion velocity vector makes with 
pitchline,  deg. 

angle the resultant gear velocity vector makes with 
the pitchline,  deg. 

angle of inclination of the line of contact with the 
pitchline,   deg. 

B. Spiral Bevel Gear Statics 

In this section,   an equation for the tooth contact stress will be 
developed.    The method follows that of Reference 66 to which the reader 
is referred for more details.    Other helpful references are References 
67 and 68. 

Theoretically,   spiral bevel gear teeth should operate with con- 
jugate motion.    Contact would be along a line extending diagonally 
across the tooth surface,  and moving generally from the heel to the toe 
(or reverse).    However,  because of their sensitivity to the effect of 
manufacturing and assembly tolerances,  and deflection under loading, 
spiral bevel gear teeth do not operate with conjugate motion.   Instead, 
contact shifts to the edge and load concentrations occur.    To counter- 
act this shifting of load,  the tooth profiles are modified to produce 
"mismatch. "   This mismatch causes the point of contact to move back 
onto the tooth face and,  although the mating surfaces are no longer 
conjugate,  the resulting action is smoother and far better than that 
produced by the theoretical conjugate motion.    The contact,  with mis- 
match,   is theoretically a point, but local yielding of the surface results 
in an elliptical contact zone (Fig.  11).    Reference 69 gives an excellent 
review of mismatch techniques used in industry. 

Since the mating surfaces of spiral bevel gear teeth are no 
longer conjugate, the classical Hertz contact stresses between cylinders 
do not apply.    Reference 66 uses a combination of experimental results 
and approximations to the Hertz theory to obtain the tooth contact 
stress. 
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Referring to Figure 10,  the variable f measures the displace- 
ment of the line of contact VW from the center of the surface of action. 
In the load analysis to be presented the line of contact VW is swept 
across the surface of action by varying f until the point is reached 
where the load on VW is a maximum. 

From Reference 67,  the load sharing ratio, the ratio of the 
load carried on the line VW to the total load is 

ni3 
mN   =     r11  (40) 

tJi3 + A + B 

where   mj^     =    load sharing ratio 

TJi       =    a function of variable dimension f 

and 

A    =      Z        /fcl2   -4kpN(kpN + 2f)] (41) 
k=l 

B    = Z       /[ni2 -4kpN(kpN -2f)] (42) 
k=l    ^ 

and        p-j      =    mean normal base pitch, in. 

f =    a variable dimension locating the line of contact VW 
with respect to the center of the surface of action,  in. 

k =    a positive integer which takes on successive values 
from 1 to n,  generating all real terms in the series 

The dimension f in Figure 10 is varied from -tj/2 to +7^/2 until 
maximum m^ is obtained. It is at this point that the scoring potential 
will be the greatest. 

62 



iMMMMMMWi 

The length of the contact line VW is given by**? 

SG   =    -i (43) 
TJ2 

where   SQ = length of the contact line VW,  in. 

F = face width, in. 

Z = mean length of path of contact in transvei-se plane, in. 

7} = length of contact normal to lines of contact, in. 

The normal load on the line of contact VW is 

Wj   =   WmN (44) 

where   W;       =    normal load on line of contact VW, lb 

W        =    total normal loa i, lb 

consequently, 

W:   =    *     N   ; (45) 
J cos 9 cos 4* 

where   W^       =    tangential load at pitch point,  lb 

<j> =     pressure angle,   deg. 

\\i =    mean spiral angle,  deg. 

C. Spiral Bevel Gear Dynamics 

The actual tooth load or dynamic load is greater than the static 
load for    exactly  the same reasons as for spur and helical gears.    The 
dynamic load is caused by manufacturing inaccuracies, tooth deflections, 
and system dynamics. 
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The Tuplin method for determming the dynamic factor for spur 
and helical gears is not applicable to spiral bevel gears.    The dynamic 
load is, instead, evaluated by the use of factors relating to the type of 
dynamic load-producing function. °" 

The dynamic load on spiral bevel gears is obtained from 

Wd  =   W^i (46) 

where   W^      =     dynamic load,  lb 

K^        =    inertia factor 

Ky       =     dynamic factor 

The inertia factor is related to the modified contact ratio,  m0. 
Because there are normally several pairs of teeth in contact simulta- 
neously,  load transfer is smooth and the inertia factor is customarily 
taken as unity.66-68   However,  if mo is less than 2, load transfer .Vs 
no longer smooth,  the rotating velocities are variable, and gear inertia 
becomes a factor in the dynamic load.    For a modified contact ratio of 
less than 2,  the inertia factor is taken as Ki  =  2/m0. 

The dynamic factor^ is defined by the same AGMA formulas for 
Kvi and Kv2,  i.e..   Equations (20) and (21),   respectively.    As in the 
case of helical gears, the factor Kv3 is not used for spiral bevel gears. 
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CHAPTER VI 
BASIC SCORING PREDICTIVE DATA 

A. Disk Test Program 

As mentioned in Chapter I, the prediction of the scoring-limited 
performance of gears at the design stage is a far more difficult task 
than the mere avoidance of gear scoring by design without regard to the 
performance penalty to be paid. In order to make such a prediction, it 
is necessary to devise a suitable predictive scheme and to develop cer- 
tain quantitative data that are required in the predictive process. 

The formulation of the predictive scheme can be approached 
essentially in three ways.    One way is to lay out a scheme that is as 
completely rational as possible,   regardless of how complex it is.    How- 
ever,   for reasons enumerated in Chapters II through V, the current 
state of the art does not permit this level of sophistication without a 
great deal of further work on the basic mechanism of scoring,  the 
thermal behavior involved,  as well as the influence of gear mechanics. 
The second way is to approach the problem in a primarily empirical 
manner,   such as the current AGMA gear scoring design guide,^   which 
involves assumptions that are basically arbitrary.    The third alterna- 
tive ib to devise an interim scheme which recognizes the importance 
of the above-mentioned basic problems,   but accepts approximations 
without waiting for definitive answers to these basic problems.    One of 
the requirements of this program is that the predictive scheme to ba 
developed should be simple enough for the practical engineers to use 
without having to resort to elaborate computer programs; but yet repre- 
sent a tangible advance beyond the current state of the art.    The third 
alternative is believed to satisfy this requirement best, and is there- 
fore the one adopted herein. 

The proposed predictive procedure entails two basic steps.    The 
first step is to estimate the ideal scoring-limited power-transmitting 
capacity for a gear set assuming no tooth misalignment and dynamic 
load.    The second step is to apply corrections for the misalignment 
and dynamic effects,  thus enabling an estimate to be made of the actual 
scoring-limited power-transmitting capacity when misalignment and 
dynamic load are inevitably present.    This chapter of the report will 
be concerned with the development of the basic data for predicting the 
ideal scoring-limited power-transmitting capacity.    The prediction of 
the actual scoring-limited power-transmitting capacity will be taken 
up in the next chapter. 
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The data to be presented in this chapter were generated from 
controlled sliding-rolling disk tests.    The bulk of the basic informa- 
tion was deduced from 187 disk tests performed under this program, 
using a modified Caterpillar disk tester herein designated as SwRI 
disk tester A for convenience, carburized AISI 9310 steel test disks 
of 10 different surface characteristics, a MIL-L-7808G synthetic oil 
(Oil F) and a MIL-L-23699 synthetic oil (Oil E), under a variety of 
test conditions. 

The 10 disk types of different surface characteristics are 
herein referred to, for the sake of brevity, as follows: 

Type 1     — Soft circumferentially-ground, plain 
Type 1A — Soft circumferentially-ground, oxided 

Type 3     — Rough circumferentially-ground,  plain 
Type 3A — Rough circumferentially-ground,  oxided 

Type 5     — Honed, plain 
Type 5A — Honed, oxided 

i 

Type 7     — Rough cross-ground,  plain 
Type 7A — Rough cross-ground, oxided 

Type 9     — Smooth circumferentially-ground, plain 
Type 9A — Smooth circumferentially-ground,  oxided 

The "plain" disks are those which were not surface-treated after the 
grinding or honing process.   The "oxided" disks were treated with a 
black oxide by a proprietary process after grinding or honing (App. D). 
The average surface characteristics of each type of test disk pairs are 
given in Table D-l.    The properties of the test steel and test oils are 
given in Appendixes A and B. 

Some of the test results from the above disk test program,  as 
well as some other results obtained from SwRI disk tester A have been 
reported earlier in the literature.25, 28   For the purpose of this report, 
supplementary information was also extracted from tests performed 
on an AFAPL disk tester^, 32 herein designated as SwRI disk tester B 
for convenience; published results from a Thornton disk tester;24, 29 
as well as other unpublished results of disk tests conducted in the 
authors' laboratory. 

A brief description of SwRI disk tester A, test conditions and 
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procedure, and a summary of the test results from this program are 
presented in Appendix D.    These results, together with the results 
from other sources as mentioned above, will be examined at some 
length in the subsequent sections of this chapter.    However,  some 
cursory remarks of a general character appear pertinent at this 
juncture. 

Of the 187 tests reported in Appendix D,  133 tests were per- 
formed with Oil F (MIL-L-7808G) and 64 tests with Oil E (MIL-L- 
23699).    Viewed in another way,  98 tests were performed with the 
plain disks,  while 89 tests were performed with the oxided disks.    It 
is of interest to inquire how the test oil and the surface treatment 
influence the scoring-limited performance under otherwise comparable 
conditions. 

In attempting to answer the above question,  it should be recog- 
nized that scoring is a highly scattered phenomenon,  and the scoring 
loads observed in even the best controlled,   replicate disk tests may 
vary in the range of 3 to 1 or more under ostensibly identical test con- 
ditions.^"-^   Consequently,  in order to answer the above question 
with real confidence,  a large number of replicate tests must be per- 
formed for each disk-oil combination and each set of test conditions; 
and the results must be analyzed statistically.    The performance of a 
large number of replicate tests was not feasible in a program of 
limited size when so many variables must be varied.    It was therefore 
necessary to conduct the disk tests based partially on prior experience 
as to the relative importance of the many variables involved,  and 
partially on the major emphasis of the overall program.    The number 
of tests conducted for each disk-oil combination,   covering all sets uf 
test conditions,   is presented in Table D-2.    For each disk-oil combi- 
nation,  the number of tests conducted for each set of test conditions 
may be deduced from Tables D-3 to D-23,  which also present the 
results at scoring or at test termination for each test. 

In Tables D-3 to D-23,  a quantity of special interest,   i.e. .the 
critical temperature,   Tcr» for each set of replicate tests is derived 
by the Weibull analysis.70    However,  for the sake of convenience,  the 
normal load reached at scoring,   W,  is reported only in terms of an 
algebraic average. 

Effect of Test Oil.     Figure 12 compares the average scoring 
load,  Wf (i.e. , the average W in Tables D-3 to D-23),  of Oil E with 
that of Oil F,   for those disk-oil-test variable combinations where 
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comparative results are available.   In this figure, the results from 
the different disk types are represented by different symbols,  using 
the hollow symbols for the plain disks and the solid symbols for the 
oxided disks.    Although the test conditions are not shown in the figure, 
nor is this information necessary for the present comparison, each 
plotted point gives the Wf of Oil E as ordinate vs. the corresponding 
Wf of Oil F as abscissa.    It is obvious that if the two oils should give 
equal performance, then regardless of the disk type and test conditions, 
all plotted points would lie on the diagonal line shown. 

The fact that these points show a great deal of scatter is largely 
a matter of statistics.    As mentioned earlier,  only relatively few tests 
could be run for each disk-oil-test variable combination.   As a matter 
of fact,  of the 5 points that lie above the diagonal line,  4 had only one 
test conducted on Oil E while the remaining point had only 2 replicate 
tests.    Since the range of scatter of the scoring load can be as large 
as 3 to 1 or more as mentioned before, not much confidence should be 
attached to these points.    Thus, taken as a whole, the figure suggests 
that the scoring load of Oil E is lower than that of Oil F,  despite the 
fact that Oil E has a higher viscosity than Oil F.    A similar result was 
also observed in tests conducted with SwRI disk tester B using different- 
size test disks,  with Oils E and F and another straight mineral oil of 
still higher viscosity.26    Jt was found that the scoring load was actually 
highest with Oil F,  intermediate with Oil E, and lowest with the 
straight mineral oil, under otherwise identical test conditions.    The 
fact that oil viscosity as such affects the scoring load the "wrong" way 
is clear indication that elastohydrodynamic lubrication is not meaning- 
ful in controlling scoring as previously stated in Chapter II.   Indeed, 
examination of Tables D-3 to D-23 will show that the computed EHD 
film thickness ratio, A ,  for all except a very few tests was substan- 
tially less than unity.    The ratio A reported in these tables was based 
on the computed hm by Equation (4) without applying side flow and 
inlet shear thermal corrections, and the composite surface roughness 
of the disk pair at scoring as defined by Equation (B-2) in Appendix B. 
The few instances with A > 1 all occurred at Vt a 1080 ips,  when the 
inlet shear thermal correction would be expected to be more significant. 
Moreover, the effect of inlet starvation,  even if small in the disk tests, 
was not, nor could it be,  accounted for.    Besides, it was very difficult 
to measure accurately the surface roughness of the disks after they 
had scored.    Finally, the definition of the composite surface roughness 
of the disk pair is,   ifter all, quite arbitrary in this or any other work, 
so that A is normally expected to be greater than unity when full, 
classical elastohydrodynamic lubrication ceases to exist.    Considering 
all these factors,  as well as the preponderance of the A < 1 values 
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obtained in all other tests, there can be little doubt that scoring oc- 
curred in the boundary lubrication regime as emphasized from the 
theoretical standpoint in Chapter II. 

The fact that Oil E gave less scoring protection than Oil F, 
despite its higher viscosity,  emphasizes the importance of surface 
chemistry in controlling scoring—a boundary lubrication phenomenon. 
No attempt has been made to draw a "weighted" curve in Figure 12 for 
the W£(E) vs.  Wf (F) results,  because their relationsip is not simple, 
but depends on the operating conditions.    This fact will be obvious 
from the subsequent sections of this chapter. 

Effect of Surface Treatment.     The effect of surface treatment 
is presented in Figure 13, in a similar manner.    As in the preceding 
case, there is a great deal of scatter in the results,  and the statistics 
are generally weak. Nevertheless, if more weight is given to those 
points with greater number of tests for both the plain and oxided cases, 
one must conclude that the Wf with the oxided disks is generally lower 
than the Wf with the plain disks.   Again,  the reason will be obvious 
later. 

The use of black oxide surface treatment appears to be detri- 
mental from the scoring standpoint, except with cross-ground disks to 
be discussed later.    However, this detrimental effect is,  in all likeli- 
hood, not significant in actual gears,  because the practical limit of 
scoring for actual gears is generally more advanced than in the disk 
tests where the "true" incipient scoring can more readily be detected 
and identified.   At a more severe level of scoring, the thin black oxide 
layer is apt to be worn off,  so that the actual gears,  whether oxided 
or not,  are apt to behave as if there were no black oxide present so 
far as scoring is concerned.    The practical advantages of the black 
oxide treatment are apparently   that it serves as a rust preservative 
in storage,  and that it is a very useful aid in checking the accuracy of 
gear manufacture or assembly.   If the gear alignment is poor, or if 
the surface contour is not correct, the wearing off of the black oxide 
layer provides a convenient visual indication. 

Effect of Surface Texture.     Before leaving Figures 12 and 13, 
it is of interest to note that,  despite their statistical weakness, there 
appears to be a tendency for the cross-ground disks to behave better 
when a black oxide layer is present.   It is speculated that if the black 
oxide should offer any advantage, it would be more apt to show up with 
cross-ground disks because the grinding grooves,  which are normal 
to the sliding motion,  tend to retain the black oxide better.    Apart 
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from this,  it will be seen later that cross-ground disks give a lower 
coefficient of friction than circumferentially-ground disks of equal 
composite surface roughness even without a black oxide treatment, 
possibly due to micro-EHD action.40-42    This is of course beneficial 
from the scoring viewpoint, 25 and by inference from the viewpoint of 
rubbing wear also.    There is also evidence that the presence of the 
micro-EHD film is beneficial from the viewpoint of pitting as well.71 

• 
Now,  since sliding in gears usually takes place normal to or 

nearly normal to the grinding grooves, the possible advantage suggested 
by the cross-ground disks,   particularly in the presence of a black oxide 
treatment,  is certainly worth investigating.    Unfortunately,  due to cost • 
and disk delivery considerations,  only very few tests were run with 
cross-ground disks in this program. 

B. Critical Temperature 

As originally postulated by Blok,lo, 17  and subsequently de- 
fended by him,   3»^'   the critical temperature,  i.e., the maximum 
instantaneous surface temperature in a sliding-rolling conjunction for 
scoring to occur,  is a function of the metal-oil combination but inde- 
pendent of the surface characteristics and operating conditions.    On 
the other hand,  there is a large volume of experimental disk test 
data9, 10,20-22,24-26,28-30 to show that Blok's constant critical tem- 
perature hypothesis is not strictly true.    This controversy cannot be 
resolved on theoretical ground.    However,  as a practical design index, 
much depends upon how much accuracy or statistical confidence one 
wishes to attach to the scoring prediction.    It is the authors' current 
thinking that elaborate refinements on the critical temperature is 
justified in the scoring prediction of sliding-rolling disks; but not for 
gears mainly because of the pronounced effects of tooth misalignment 
and dynamic load,  the magnitudes of which, as will be seen in the next 
chapter,  can only be reasonably well inferred, but not accurately 
established,  at this time. 

The authors have shown^S, 26, 28 that the effects of surface 
characteristics and operating variables on the critical temperature 
of a given metal-oil combination can be satisfactorily expressed by 

Tcr   =   Fa,M) (47) 

where   F    =   an experimentally determined function,  and 
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t = 

M = 

Mo2v8Vt 
(48) 

(49) 

where   V8 = sliding velocity,  ips 

Vt = sum velocity, ips 

I, = a dimensionless parameter 

M = sliding-to-sum velocity ratio 

R = equivalent radius of curvature of the conjunction,  in. 

Or,^ = maximum Hertz stress in the conjunction,  psi 

|i0 = oil viscosity at the conjunction inlet,  Ib-sec/in.^ 

Equation (47) is extremely difficult to apply to practical gear 
design.    This is partly because ßo is very sensitive to the oil tem- 
perature at the conjunction inlet,  T0, and thus difficult to estimate 
accurately.   Also, Omis difficult to estimate because misalignment 
and dynamic effects cannot be accurately quantified.    Therefore, for 
the present purpose, a simpler approach which requires no estimates 
of these quantities,  is being proposed. 

Oil F.     The critical temperature data for Oil F (MIL-L-7808G) 
in combination with AISI 9310 steel are presented in Tables D-3 to 
D-13 for the different disk types and operating conditions.    Consider 
the plain,  rough circumferentially-ground disks (Type 3) for the time 
being, the effects of Vs and Vt,  at three constant M values, are pre- 
sented in Figures 14 and 15,   respectively. 

i 

In Tables D-3 to D-13,  data for the scoring temperature,  Tcri 

for all individual sets of replicate tests, at 10-percent probability by 
Weibull analysis, are given,  together with their 90-percent confidence 
limits.    These are shown in the two figures by appropriate symbols 
and vertical bars,  except that they are now designated as Tf as a 
matter of clarification.    The symbol Tcr is now reserved to represent 
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a constant critical temperature by pooling all of the data on Oil F- 
Disk Type 3 combination together by a similar Weibull analysis.    The 
point for Vs = 120 ips and M = 0.2 signifies that its Tf is higher than 
shown,  since no scoring was obtained (Tests F130,  F186,   F187, 
Table D-5). 

Close examination of the data presented in the two figures will 
show that Tf does indeed vary with Vs  at constant Vt, and also with 
Vt at constant Vs, as previously reported.25, 26, 29    However,  it is 
evident that these variations are generally not significant when com- 
pared with the confidence limits involved.    In view of this fact,  the 
pooled result of all 61 tests for this particular metal-oil combination 
at 10-percent scoring probability can be regarded as constant and 
independent of operating conditions,   defined herein as its critical tem- 
perature,   Tcr.    In this case,  Tcr = 450° F and the lower and upper 
90-percent confidence limits are 41 5° F and 488° F,   respectively. 

While the above analysis supports Blok's hypothesis on a sta- 
tistical basis so far as the effect of operating variables are concerned, 
it has been found that the effect of surface roughness appears more 
significant and can, at any rate,  be conveniently accounted for.    This 
situation is summarized in Table 3,   which includes data not only from 
this program; but also from other tests on similar metal-oil combi- 
nations performed in the authors' laboratory.    Among these other 
tests,  those on Type X disks (circumferentially-ground) were con- 
ducted also with SwRI disk tester A,   while those on Type Y disks 
(honed) were conducted with SwRI disk tester B.    Note that the number 
of tests included in the pooled Weibull analysis does not necessarily 
correspond with the number of scored tests given in Table D-2.    This 
is because some of the unscored tests at high loads were treated in 
the Weibull analysis as suspended tests. 

Figure 16 presents the above results in graphic form.    Note that 
the critical temperature,  Tcr,  quite consistently decreases with in- 
creasing the initial composite surface roughness of the disk pair,  6^; 
and is generally lower for the oxided disks than for the plain disks. 
Moreover,   within the 90-percent confidence limits, neither the surface 
texture (i.e.,  whether the surfaces are circumferentially-ground, 
cross-ground,  or honed) nor the small variation of surface hardness 
makes a significant difference.    Accordingly,   since more tests are 
available for the plain disks,  its Tcr vs. 6^ line has been established 
by linear regression.    The line for the oxided disks is then drawn 
parallel to that for the plain disks,  giving some weight on the statis- 
tical distribution.    The equations for the two straight lines are 
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TABLE 3.     CRITICAL TEMPERATURE FOR OIL F 
AND AISI 9310 STEEL DISKS 

No. of Confidence 
T, Disk öi. 

type uin. Re M 

Plain disks 

1 26.0 58 0.556 

3 24.0 62 Mixed 

7 23.5 62 0.556 

X 15.2 62 0.333 

9 9.5 62 0. 556 

Y 6.0 62 Mixed 

5 5.5 62 0.556 

Oxided disks 

1A 26.0 58 0.556 

3A 24.0 62 Mixed 

7A 23.5 62 0.556 

9A 9.5 62 0.556 

6A 5.5 62 0.556 

tests in 1cr, limits. "F 
analysis 0F Lower     Upper 

5 

61 

6 

5 

3 

86 

3 

27 

4 

9A 9.5 62       0.556 6 

5 

425 386 468 

450 415 488 

480 402 574 

408 345 483 

530 362 775 

490 458 524 

560 532 690 

330 290 372 

355 292 432 

445 393 504 

440 304 636 

500 403 620 
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Plain surfaces: Tcr   =   540- 3.80 öj (50) 

Oxided surfaces:        Tcr   =   460 - 3.80 öi (51) 

where   Tcr    =     critical temperature for Oil F and AISI 9310 steel 
combination,   " F 

öj        =     initial composite surface roughness of the mating 
surfaces,  jjin.  AA 

The above equations can of course be criticized for not using 
the prevalent composite surface roughness at the moment of scoring. 
The reasons for using here the initial value, öj,  are several.    First, 
the prevalent surface roughness,  though theoretically correct,  is dif- 
ficult to measure even on disks; and the after-scoring measurement is 
not necessarily the correct one since tests cannot be stopped instanta- 
neously and some or severe surface deterioration inevitably occurs in 
the stopping process.       Second,   in practice,  the initial surface rough- 
ness of gears can be measured; but the surface roughness in service 
depends on the length of service and operating conditions,   and is thus 
a nebulous quantity.       Third,   if the gears are properly broken in and 
put into service,  the surfaces generally become smoother.    Thus, 
scoring is most prone to occur when the gear set is first run under 
the design conditions; and once this hurdle is crossed,   scoring is not 
likely to occur unless the operating conditions are drastically made 
more severe.    Considering these factors,  it is felt that öj is more 
within the control of the designer and is usually the critical quantity 
to watch.    Of course, if a prescribed break-in procedure is followed, 
the surface roughness after the break-in would be a better figure to 
use if it is measured, or it can be estimated if not measured such as by 
the relationship reported in Reference 25.    In those instances where 
severe operating conditions are anticipated after extended service,  it 
is certainly wise to measure the surface roughness before that occurs, 
and use what amounts to the öl for that new set of operating conditions. 

Oil E.     The critical temperature data for Oil E (MIL-L-23699) 
in combination with AISI 9 310 steel, given in Tables D-14 to D-23 in 
Appendix D,  may be treated similarly.    Table 4 presents a summary 
of the data based on these results,  plus data from Type Z disks (cir- 
cumferentially-ground) of a similar metal-oil combination obtained 
also with SwRI disk tester A. 

It should be noted that the data for Oil E are statistically much 
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TABLE 4.      CRITICAL TEMPERATURE FOR OIL E 
AND AISI 9310 STEEL DISKS 

No. of Confidence 
Disk          öi, 

Re M 
tests 
analyi 

in 
ijg 

Tcr. limits, 0F 

• 

type        ßin. Lower Upper 

Plain disks 

3              24.0 62 0.333 1 406 — — 

7              2 3.5 62 Mixed 6 573 479 685 
• 

Z             i6.7 62 0.333 5 480 426 540 

9                9.5 62 Mixed 5 572 516 634 

5                5.5 62 0.333 3 440 413 468 

Oxided disks 

3A           24.0 62 Mixed 18 340 276 419 

9A             9.5 62 Mixed 7 380 309 468 

5A             5.5 62 Mixed 8 345 252 473 
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weaker than for Oil F presented in Table 3.    Consequently,   some 
liberty must be taken in treating these data.    The two straight lines 
drawn in Figure 17 are based on the assumption that the slope of the 
two lines is the same as that in Figure 16,   while giving some weight 
to statistics.    With this assumption,  the equations for the two straight 
lines are 

Plain surfaces: Tcr   =   SlB-S^OOj (52) 

Oxided surfaces: Tcr   =   415-3.800! (53) 

where   Tcr     -     critical temperature for Oil E and AISI 9310 steel 
combination,   c F 

6j =     initial composite surface roughness of the mating 
surfaces,  j^in.  AA 

C. Coefficient of Friction 

Apart from the critical temperature,  the coefficient of friction 
is another primary parameter in controlling scoring.    For general 
performance analysis,   the friction behavior through the entire range 
of EHD to boundary lubrication is of interest.    However,  for scoring 
analysis,   emphasis shoulc clearly be on the boundary friction regime. 

Attempts to generalize the friction behavior of sliding-rolli;ig 
systems havenotbeen fruitful.9, 10    This is because friction is not only 
exceedingly difficult to determine accurately by experiment,   but also 
equally difficult to understand theoretically.    Consequently,   empirical 
approach has been necessary,  and considerable uncertainties must be 
expected. 

The authors have attempted to correlate the coefficient of fric- 
tion of sliding-rolling disks with the dimensionless parameters £, and 
M mentioned in the preceding section of this chapter.    But due essen- 
tially to the same reasons,  this method has been found to be most dif- 
ficult to employ in practical gear design.    Accordingly,  a simpler 
correlation was proposed recently,28 which will be used herein. 

Oil F.      Figures 18 and 19 for Oil F and plain,  circumfer- 
entially-ground and cross-ground,  AISI 9 310 steel disks are taken from 
Reference Z8 to illustrate the nature of the correlation.    In these 
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figures, the coefficient of friction, f , is related to the quantity WV8"3, 
where W is the normal load,   lb, and Vs  is the sliding velocity, ips.    It 
should be remarked that literally hundreds of data points are available 
not only from the disk scoring tests, but also from a great deal of 
additional friction measurements.    However,  for the sake of clarity, 
only very few "extreme values" are shown in the figures to Indicate 
the scatter involved,   which is about ±20 percent from the average 
curves at high values of WV8-3 (a range of greater interest in scoring 
prediction) and about ±40 percent at low values of WV8-3.    Within this 
scatter range,   it is seen that f bears an approximate relationship to 
WV3-3. 

By comparing the two figures,  it will be noted that at the same 
value of WV8"I, f is somewhat lower with the cross-ground disks than 
with the circumferentially-ground disks,  even though the composite 
surface roughness of the cross-ground disks was slightly greater. 
This could be due to a micro-EHD effect.25 

Figures 18 and 19 were based on partial data available in 1973. 
The more complete,  updated results are now presented in Figure 20, 
for all 10 disk types investigated.    For the sake of clarity,   these up- 
dated results are presented herein merely as average curves,  by 
omitting the data points.    Note that with more data on the rough,  cir- 
cumferentially-ground disks (Type 3),   the average 6i is raised, as is 
the average f.    Otherwise,  the general trends and maximum scatter 
are about the same as in Figures 18 and 19. 

Figure 20 reveals two items of major interest.    First,  with the 
exception of the cross-ground disks,  the coefficient of friction is not 
measurably influenced by the black oxide surface treatment.    The sub- 
stantially lower f observed for the Type 7A (oxided,  cross-ground) 
disks is based on data from only 4 scoring tests with Oil F (Table 
D-ll).    However,  2 other tests run on Type 7A disks with Oil E (Table 
D-21) gave similar results.    These data are admittedly skimpy; but 
the enormous effect observed is certainly intriguing.    As suggested in 
the preceding section,  this effect could be due to the fact that the 
grinding grooves normal to the sliding direction tend   to help retain 
the black oxide in the grooves.    A similar mechanism is not present 
for all other surface textures. 

The other item of interest is that the value of f on the flat por- 
tion of each curve,  where * could be determined more accurately, 
generally increases with increasing the composite surface roughness 
of the disk pair.    However,   one wonders what effects the surface 
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texture and hardness might have on the friction behavior.    These 
latter effects will now be examined. 

Figure 21 portrays the relationship between the flat-value f 
and 6i, without including the data for Type 7A disks.    In the absence 
of more data, it is believed logical to infer that the effect of Öt on f is 
best represented by a straight line through the points for the smooth 
circumferentially-ground (Types 9 and 9A) and rough circumferentially- 
ground (Types 3 and 3A) disks.    If this inference is correct,  then the 
higher f for the soft circumferentially-ground disks (Types 1 and 1A) 
appears to be largely due to their lower case hardness.    The lower 
f for the cross-ground disks (Type 7) then appears to be due to a 
micro-EHD effect suggested previously.    Finally,  the lower f for the 
honed disks (Types 5 and 5A) appears to be due to their "neutral 
texture," a surface texture which does not provide leakage paths for 
the oil in the conjunction as does the circumferentially-ground 
grooves. 

It should be remarked that the general level of f shown here 
is much lower than that assumed in the AGMA gear scoring design 
guide,3 and the effect of surface roughness on f is also less.    A 
detailed comparison of the AGMA friction behavior with that observed 
here is presented in Appendix £ for the sake of convenience.    It is only 
necessary to state that the level and trend observed in this work are 
generally consistent with those obtained for the same and other oil- 
disk combinations on both SwRI disk testers A and B,     » ^°^ ^    as well 
as those reported on mineral oils and different disks using the Thornton 
disk tester.24, 29,72 

In order to adapt the information presented in Figures 20 and 
21 to computer programs,  one way is to use first the data from 
Figure 20 recognizing that they apply only to the particular 6^ values 
specified, and then apply a correction for the effect of Öj by assuming 
the same f vs. 0} slope for all surface textures as that for the cir- 
cumfereuiially-ground case shown in Figure 21.   Another way is to 
approximate the curves in Figures 20 and 21 by straight lines,  so that 
the variations can be written as equations for convenience. 

For this approximation,  it is assumed that each curve in 
Figure 20 may be represented by a horizontal line (i. e.,  constant f) 
for WV8"3 2 200, and by an inclined straight line (i.e., an exponential 
variation of f with WVs-i) for WV8-i < 200 Ib-seci/in.i    The slope of 
the f vs. 6^ line in Figure 21 is 0.00007 per fiin. AA.    Using these 
values it can be readily shown that the friction equations for Oil F and 
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AISI 9310 steel combination are as follows. 

For plain anl oxided circumferentially-ground surfaces: 

f   =   (0.0920 + 0.00034 Öj) (WVg'1)"0,3 

at WV8
_» <200 (54) 

£   =   0.0188 + 0.00007 Öj 

i 
at WVs"3 ss 200 (55) 

For plain cross-ground surfaces: 

f   =   (0.0755+ 0.00034 öi) (WVg-1)"0,3 

i 
at WVs"1 < 200 (56) 

f   =   0.0154+ 0.00007 Öj 

atWV8-^200 (57) 

For oxided cross-ground surfaces: 

f   =   (0.0407 + 0.00034 öj) (WVs'1)"0, 3 

i 
at WVs   3 <200 (58) 

f   =   0.0083 + 0.00007 Öi 

i 
at WVS"3 ^ 200 (59) 

For plain and oxided honed surfaces: 

^    0   ^ 
f   =   (0.0789 + 0.00034 6i) (WVs"3) 

at WVg-a <200 (60) 
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f   =   0.0161 + 0.00007 ö1 

i 
at WVs'3 ^ 200 (61) 

In Equations (54) to (61),  W  = normal load,  lb; Vs   =  sliding velocity, 
ips; and öj  =  initial composite surface roughness of the mating sur- 
faces,   ßin.  AA.    The reasons for using the initial composite surface 
roughness were given in the preceding section. 

Oil E.      Within the precision of the friction measurements,  the 
friction behavior of AISI 9310 steel disks is substantially the same with 
Oil E as with Oil F.    Equations (54) to (61) are therefore also recom- 
mended for use with Oil E and AISI 9 310 steel combination. 

D. Surface Temperature 

According to the critical temperature hypothesis (Chap. II, 
Sect. B),  the scoring-limited power-transmitting capacity is controlled 
by the maximum rise of the instantaneous surface temperature in the 
conjunction,   AT.    Assuming that the critical temperature,  TCr.  is 
known,  it is then necessary to estimate the quasi-steady surface tem- 
perature,  Ts,  in order to arrive at an estimate for AT. 

The value of Ts is determined by the frictional power loss in the 
conjunction and the heat loss to the environment by various heat trans- 
fer processes.    The frictional power loss is defined as 

4»   =   fWVs/9336 (62) 

where  fy = frictional power loss,   Btu/sec 

f = coefficient of friction 

W = normal load,   lb 

Vs = sliding velocity,  ips 

The heat transfer processes vary,  of course,  with the system con- 
figuration and operating conditions. 
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The authors showed in a recent publication's that for a specific 
system configuration and operating conditions, in steady operation, 
the following approximate relationship holds: 

T    - T- xs      ■'•j C<|> (63) 

where   Tj     =     oil jet temperature,   0F 

C,n =    fitting constants 

Figure 22 illustrates such a relationship's for SwRI disk tester A, 
using a "horn" to supply the test oil to the exit side of the conjunction 
and halfway around both disks (Fig. D-1, App. D).    Plain,   rough 
circumferentially-ground (Type 3) and cross-ground (Type 7) disks 
were used.    The test oil was Oil F,  the total oil flow rate was 20 gpm, 
and Tj was 140oF and HO'F.    The operating conditions (i.e.,  Vs,  V>, 
and W) were varied over a wide range.    For the sake of clarity,  the 
plotted points do not include all available data; but they do portray the 
maximum scatter of the data,   which are due largely to errors 
in the friction measurement as explained in the preceding section. 
Note that within the experimental scatter, the relationship is as shown 
by Equation (63); and this relationship is not systematically influenced 
by the disk type, the oil jet temperature,  or the operating conditions. 

Figure 23 presents the more complete data for SwRI disk tester 
A,  using both Oil E and Oil F,  supplied by the horn at 20 gpm total 
flow rate,  at 140oF and 190oF jet temperatures, all 10 disk types 
investigated in this program; and with test conditions widely varied. 
Again, the plotted points indicate the maximum scatter observed.    It 
is seen that, within the scatter range,  the data exhibit an almost 
identical exponential relationship as that shown in Figure 22 — a rela- 
tionship essentially unaffected by the disk type or surface character- 
istics, the oil or the oil jet temperature,  or the operating conditions. 

Figure 24 shows the trends computed from data reported by 
Bell and Dyson,'4, 29 using the Thornton disk tester.    The test disks 
were straight cylindrical disks made of EN 34 steel, at two levels of 
surface finish,  F.    A straight mineral oil and the same oil with an 
EP additive were used.    The oil was supplied by means of two jets, 
located on the inlet and exit sides of the conjunction.    The tests 
covered two Tj and total oil flow rate combinations; and the test con- 
ditions were widely vari. i.    It is seen that an exponential relationship 
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also holds, one for each oil flow rate; and each such relationship is 
not significantly affected by the oil or the oil jet temperature, the 
surface finish of the disks,  or the operating conditions. 

The preceding figures serve to show that the (Ts - Tj) vs. 4» 
relationship is essentially exponential and not affected by the disk 
material,  disk surface characteristics, and oil type; and,  within the 
range of the investigation, not affected also by the oil jet temperature 
and operating conditions.    In other words, while these factors are 
expected to affect the magnitude of friction, they do not appreciably 
affect the relationship between (Ts - Tj) and 4» since friction enters the 
makeup of both (Ts - Tj) and <j> almost similarly.    On the other hand, 
the quantitative behavior is seen to be significantly influenced by the 
oil flow rate and,  by implication,  the disposition of the oil jet and the 
system design,  i.e.,  by those considerations which control the overall 
heat   transfer from the disks.    This latter situation is well illustrated 
by Table 5. 

In compiling the information presented in Table 5,  it was found 
that the data shown in Figures 22,  2 3,  and 24,  as well as those to be 
discussed, all yield a value of n of about 0.80 in Equation (63); but the 
value of C depends on those factors which influence the overall heat 
transfer.    In other words.   Equation (63) may now be written as 

T8 - Tj   =   C *0-80 (64) 

and the constant C is the sole parameter which reflects the system's 
thermal characteristics.    For example, the data for SwRI disk tester 
A with the horn oil jet at a total oil flow rate of 20 gpm (i. e. ,  Figs. 
22 and 23) represent Case 1 0 in Table 5, and the corresponding value 
of C is 55.   The data for the Thornton disk tester with inlet-exit oil 
jets (Fig. 24) yield C = 285 at a total oil flow rate of 0. 30 gpm (Case 6), 
and C = 200 at a total oil flow rate of 0. 38 gpm (Case 7). 

The variation of C shown in Table 5 with the oil flow rate is 
presented in Figure 25.    Note that the value of C is generally highest 
with the Thornton disk tester,  intermediate with SwRI disk tester B, 
and lowest with SwRI disk tester A—reflecting the influence of design 
on system heat transfer.   Note further that with the same SwRI disk 
tester B at two constant oil flow rates,  the exit jet location gives a 
lower value of C, or more effective cooling, than the inlet jet location. 
While this latter effect is believed to be real and is apparently also 
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TABLE 5.     VALUE OF C FROM THREE DISK TESTERS 

Oil Oil 
Disk jet Disk Disk Oil 

% 
flow, 

Case tester type material type type gpm C 

1        SwRI B      Inlet       AISI9310      Honed        Oil F       190     0.033   360 

SwRI B      Inlet       AISI9310     Honed 

SwRI B      Exit        AISI9310      Honed 

Oil F       190     0.25     180 

Oil F       190     0.033   260 

4 SwRI B Exit AISI9310 Honed Oil F        190     0.26 130 

5 SwRI A Exit SAE 8620 Circ. Mineral Varied 0.50 125 

6 Thornton In-exit       EN 34 Circ. Mineral     104     0.30 285 

7 Thornton In-exit       EN 34 Circ. Mineral     169     0.38 200 

8 SwRI B Horn AIST9310 Honed Oil F       190     2.5 100 

9 SwRI B Horn AISI 9310 Honed Oil F        190          10 100 

10 SwRI A Horn AISI 9 310 Varied E&F    Varied      20 55 
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experienced in gear operation, a single curve is herein drawn for 
SwRI disk tester B to emphasize the major trends, namely,  the oil 
flow rate and the tester design.    Finally, the effect of oil flow rate 
on C is quite marked at low flow rates, and generally tends to level 
off at high flow rates. 

It is believed that Equation (64),  with the value of C judiciously 
selected (such as from Fig.  25 or further refined data),  gives a tangi- 
ble basis for estimating the value of Ts.   In the AGMA gear scoring 
design guide,    an implied assumption is that Ts is equal to Tj.    It is 
obvious from the data presented herein that this assumption is far 
from being true. 

E. Conjunction-Inlet Oil Temperature 

The temperature of the oil at the conjunction inlet,  TQ.  is of 
interest mainly in elastohydrodynamic film thickness calculations 
(App. C).    Although EHD film thickness will not receive emphasis in 
this report for reasons given in Chapter II, Section C, information 
for estimating TQ is presented for the sake of completeness. 

Figure 26 shows the variation of (T0 - Tj) with <j) previously 
reported^ for SwRI disk tester A,  Types 3 and 7 disks.  Oil F supplied 
by the horn at 20 gpm flow rate,  at Tj = 140oF and 190oF.    Figure 27 
presents the more complete results for the same tester and horn, 
same Tj and oil flow rate.  Oil E and Oil F, and the 10 disk types. 
Note that substantially the same exponential relationship is shown in 
these figures.    This relationship may be represented by 

To -Tj  = Co*0,80 (65) 

where   T0 = conjunction-inlet oil temperature,   0F 

Tj = oil jet temperature,   "F 

<t> = frictional power loss,  Btu/sec 

C0 = a fitting constant 

By comparing Figures 26 and 27 for (TQ - Tj) and Figures 22 
and 23 for (T8 - TJ ),  it will be found that 
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C0   =   0.70C (66) 

is a very good approximation over the range of variables investigated. 

Equation (65) gives a tangible basis for estimating the value of 
T0.    It is seen from Equation (66) that the assumption of either T0 = T; 
or TQ  =  Ts, as commonly used,  is not satisfactory. 

• 

101 



CHAPTER VH 
GEAR SCORING PREDICTION 

A. Basic Procedure 

It was noted in Chapter II, Section B, that the mechanism of 
scoring is still basically not understood.    However,  phenomenological 
observations to date suggest that it is probably triggered by a thermal 
interaction between the relatively moving surfaces; and that among the 
several thermal scoring models that have been proposed, the critical 
temperature model appears to be the most plausible and promising.    It 
was also noted that apart from the need for establishing a meaningful 
critical temperature criterion, the prediction of the scoring-limited 
power-transmitting capacity of gears further requires a consideration 
of the important influences of gear mechanics—a subject whose com- 
plexity was broadly indicated in Chapter II,  Section F, and further 
discussed in Chapters III, IV,  and V. 

In view of the aforementioned problems,   it was concludeu   n 
Chapter VI,   Section A, that a completely rational procedure for pre- 
dicting th«- scoring-limited power-transmitting capacity of gears is 
not now possible.    On the other hand,  an essentially empirical pro- 
cedure,   such as the AGMA gear scoring design guide,^ certainly leaves 
much to be desired.    Accordingly,  an interim predictive scheme,   which 
recognizes the importance of the above-mentioned problems but accepts 
certain necessary approximations,  appears to be the only viable ap- 
proach. 

The predictive scheme to be discussed herein can readily be 
applied to practical gear design.    It is assumed that the scoring 
behavior of gear teeth follows the sanne phenomenological behavior 
of sliding-rolling disks, except for the effects of gear mechanics.    This 
assumption implies that the basic data derived from steady-ope rating 
sliding-rolling disks (Chap. VI) may be applied to the transient process 
of the gear-tooth action, provided the effect of gear-footh dynamics can 
be isolated and taken into account.    Additionally,  it is implied that the 
effect of gear-tooth misalignment can also be isolated and accounted 
for.    These assumptions are difficult to defend from a rigorous theoret- 
ical standpoint, and as such they are "approximations" being forced 
upon the problem by the current state of the art.    Refinements or re- 
visions of the technique are naturally possible;  nevertheless, the 
results thus far obtained appear quite plausible.    The analysis also 
shows that thermal behavior,  gear-tooth misalignment, and gear-tooth 
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dynamics exert major impacts on the scoring-limited power- 
transmitting capacity of gears. 

The basic premise of the proposed gear scoring predictive 
method may be stated by the equation 

PA   =   PISmSd (67) 

where   P^ = actual scoring-limited power-transmitting capacity, hp 

Pj = ideal scoring-limited power-transmitting capacity,  hp 

Sm = misalignment factor 

Sjj = dynamic factor 

In other words, the proposed predictive procedure entails, in 
effect,  two basic steps.    The first step is to estimate the ideal scoring- 
limited power-transmitting capacity of a gear set,  by considering the 
thermal effect and assuming perfect tooth alignment and no dynamic 
load.    The second step is to estimate the actual scoring-limited power- 
transmitting capacity,  by applying corrections for the misalignment and 
dynamic effects.    For the sake of convenience, the general features of 
this procedure will first be considered.    Some specific details related 
to gear types will be discussed in the final sections of this chapter. 

B. Ideal Scoring-Limited Power-Transmitting Capacity 

The prediction of the ideal scoring-limited power-transmitting 
capacity,   Pj,  of a given gear set operating under specified conditions 
requires, in principle,  successive comparisons of the ideal maximum 
instantaneous conjunction surface temperature.  To  somewhere in the 
gear mesh, as the transmitted power is being progressively increased 
at the specified gear speed and operating conditions, with the critical 
temperature,  Tcri of the metal-surface-oil combination.   The word 
"ideal" signifies that these comparisons are being made for the assumed 
case of perfect tooth alignment and static tooth load.    From Equation 
(1) in Chapter II, 

Tc   =   Tg + AT (68) 
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where   Tc    =   maximum instantaneous surface temperature at any 
point in the gear mesh,   0F 

Ts    =   quasi-steady gear surface temperature,  0F 

AT   =   maximum instantaneous surface temperature rise at any 
point in the gear mesh,   "F 

Note that as the power level is increased at otherwise constant operating 
conditions,  AT increases, and its magnitude varies through the gear 
mesh.   At the same time,  Ts also increases; but its magnitude remains 
constant with respect to time.    Consequently,   Tc also increases,  and 
its magnitude varies through the gear mesh.    When the maximum value 
of Tc somewhere in the gear mesh equals the critical temperature, Tcri 
scoring occurs and the corresponding power transmitted is, by defini- 
tion, the ideal scoring-limited power-transmitting capacity of the gear 
set under the specified operating conditions. 

Outline of Predictive Process.      The prediction of Pj then com- 
prises the following steps: 

1. An estimate of the critical temperature,  Tcr. 

2. At constant gear speed and operating conditions, calculate 
the quasi-steady surface temperature,   Ts,  by progressively increasing 
the power level,  while assuming perfect tooth alignment and static tooth 
load. 

3. Similarly,  calculate the maximum Instantaneous surface 
temperature ripe,   AT, through the gear mesh. 

4. From Steps 2 and 3,  calculate the maximum instantaneous 
conjunction surface temperature,  Tci through the gear mesh. 

5. When the maximum value of Tc at some point in the gear 
mesh (from Step 4) equals the critical temperature,  Tcr (from Step 1), 
the scoring criterion is met; hence the corresponding power transmitted 
is the ideal scoring-limited power-transmitting capacity of the gear set 
under the specified operating conditions. 

Input Data.      The prediction process as described can readily be 
carried out by means of a computer.    The required equations and 
numerical constants or coefficients for each step will now be outlined. 

1. As noted in Chapter VI,  Section B, the statistically 
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defined critical temperature,   Tcr, of a given metal-oil combination is 
a function of the composite surface roughness of the mating surfaces, 
but independent of the surface texture and operating conditions.   More- 
over,  although the black oxide surface treatment was found to have a 
substantial effect on Tcr ^ the disk tests, the practical scoring level 
of gears,  which is generally more severe, tends to permit removal of 
the thin black oxide layer so that its effect is apt to be essentially 
absent ir practical gears.    Therefore,  if the gears are made of carbu- 
rized AISI 9310 steel, whether or not surface-treated with black oxide, 
and if the oil is Oil F, then the critical temperature is given by Equa- 
tion (50).    For the same metal and Oil E,  the critical temperature is 
given by Equation (52). 

2. The quasi-steady surface temperature,  Ts, is a time- 
averaged quantity,  whose magnitude depends upon the frictional heat 
generated at the meshing surfaces and the heat removal from these sur- 
faces by various means—principally by conduction and convection.    In 
other words,   Ts is highly dependent upon gear design,  system design, 
and operating conditions; and its prediction requires a quantitative 
knowledge of the effects of these factors on both the frictional heat 
generation and the heat removal. 

For the simple case of steady-operating sliding-rolling disk 
systems, it was shown in Chapter VI, Section D, that the frictional 
heat generated per unit time,   or the frictional power loss, is 

$ =   fWVs/9336 

where   ^       = frictional power loss,  Btu/sec 

f       = coefficient of friction 

W     = normal load,  lb 

Vs    = sliding velocity,  ips 

and the relation between Ts and (j) may be approximated by the equation 

T8 - Tj   =   C<|)0-80 

where   T:     =    oil jet temperature,  0F 

C      =    a fitting constant for sliding-rolling disk systems 
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The constant C in the above equation was found to depend quite mark- 
edly on the rate at which the oil supplied by the jet (or jets,  or horn) 
impinges on the sliding-rolling disk surfaces and also the disk system 
design. 

When applied to gears, the quantities Vs.  W, and f generally 
all vary through the gear mesh, or with respect to time.   Accordingly, 
4 also varies with respect to time; and it is the time-averaged <)> that 
controls the quasi-steady surface temperature.    In other words, the 
quasi-steady surface temperature of gears is expected to be governed 
by the equation 

T8 - Tj   =   C'«|.2v80 (69) 

where 4>av =    average frictional power loss,  Btu/sec 

C     =    a fitting constant for gear systems 

The solution to Equation (69) requires the assignment of the 
magnitude of the constant C and the evaluation of the quantity <j>av.   As 
will be seen presently, the selection of the value of C is very difficult 
basically because little is known about the heat transfer processes 
involved in gear operation.    However, the calculation of (t>av can readily 
be accomplished by an integration process which accounts for the varia- 
tions of Vsi   W,  and f in the gear mesh.    Depending upon the gear type, 
the instantaneous sliding velocity,  Vs,  may be deduced from kinematic 
analysis (Sect. A of Chaps. Ill, IV, V).    The instantaneous static 
normal load,  W, may be obtained from static load analysis (Sect.  B of 
Chaps. Ill, IV,  ■%).    The instantaneous coefficient of friction, f, is a 
function of WVS"3 and the oil and surface characteristics (Chap. VI, 
Sect. C). 

In Chapter VI, Section C,  it was found that with AISI 9310 steel. 
Oils E and F gave substantially the same friction behavior.    For 
practical gear scoring predictions, the effect of black oxide surface 
treatment on friction will be ignored, as suggested in Step 1.   Accord- 
ingly, the relationship between f and WVS"3 and composite surface 
roughness,  for carburized AI3I 9310 steel with either Oil E or Oil F, 
may be approximated by Equations (54) and (55),   or Equations (56) 
and (57),  or Equations (60) and (61), as applicable.    With honed sur- 
faces, the use of Equations (60) and (61) presents no complication. 
With ground surfaces, the rather significant effect of the sliding 
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direction with respect to the grinding grooves should be noted.   For 
example,  with ground spur gears, the sliding motion is usually 
normal to the grinding grooves; thus Equations (56) and (57) for cross- 
ground surfaces should be used.   On the other hand,  with helical and 
spiral bevel gears, the sliding motion is usually at an angle to the 
grinding grooves;  thus an interpolation between Equations (56) and 
(57) for cross-ground surfaces and Equations (54) and (55) for circum- 
ferentially ground surfaces is required.    The interpolation procedure 
will be explained in Sections C and D of Chapter VIII,  by reference to 
specific examples of helical and spiral bevel gears. 

3. The calculation of the maximum instantaneous surface 
temperature rise,   AT, through the gear mesh utilizes basically 
Equation (3),  repeated herein for convenience: 

i.ii fw   1 /vT - /v7| 
AT   =       r==  — {70) 

In applying this equation,   Blok's thermal coefficient,  ß,  is a. property 
of the gear steel (App. A).    The instantaneous surface velocities,  V} 
and V2, may be deduced from kinematic analysis.    The equation applies 
directly to spur gears with perfect alignment,  which give an instanta- 
neous rectangular contact so that w is simply the instantaneous unit 
static normal load.    With helical gears, the equation applies to an 
elemental instantaneous contact area, which may be treated as a rec- 
tangle.   With spiral bevel gears, the instantaneous contact area is an 
ellipse; thus application of Equation (70) will require an approximation. 
This is customarily done,  as first suggested by Kelley,^ by replacing 
the ellipse with an equivalent rectangle of the same major and minor 
widths as the ellipse and the same maximum Hertz stress at the center. 
In that case, the quantity w will be replaced by an "equivalent unit load," 
which is equal to 3w/4. 

Calculation of $av of Gears.     In calculating the average fric- 
tional power loss, ^av>  in Equation (69), it should be borne in mind 
that both the sliding velocity, Vs, and the normal load, W, change 
cyclically through the mesh; and, by Equations (54) to (61), the coef- 
ficient of friction,  f,  also changes cyclically through the mesh.   Con- 
sider,  for example, a set of gears with a contact ratio less than 2, as 
illustrated in Figure 2.    In the course of a mesh cycle, as any one 
tooth experiences its double-tooth contact in approach from point A to 
point C, its preceding tooth simultaneously experiences its double-tooth 
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contact in recess from point B to point D.   Following this, the tooth 
which has reached point C experiences its single-tooth contact from 
point C to point B.   After this, the next mesh cycle begins, with the 
tooth which is now at point B completing its double-tooth contact in 
recess from point B to point D, while at the same time a new tooth 
goes through its double-tooth contact in approach from point A to 
point C; and the process repeats. 

The total frictional heat generated in each mesh cycle is thus 

'B 

pC rD -B 
<j>(t) dt +      w) dt +  r <t)(t) 

•I A Jo Jn 

B 

C 
dt 

[*C rD « B ]  at 
1    <j>'(€) dc   +        4>,(€)dc   +   f    VU) del f- JA JB Jc dc 

.D 

B 

rC -D -B 
J    VU) dc   +   J    <|>'(c)dc    +   J     ^'(Odc 

B 

C 6nr 

where  <t)(t)     =    instantaneous frictional power loss expressed as a 
function of time,  Btu/sec 

(^'(c)   =    instantaneous frictional power loss expressed as a 
function of pinion roll angle,   Btu/sec 

np       =    rotative speed of pinion,   rpm 

and the degrees of pinion roll angle per second is 

dc 
dt 

360 np . 
TT"2 = 6nP 

Now, in each pinion revolution, as many mesh cycles take 
place as there are the number of pinion teeth.   Moreover, the number 
of pinion revolutions per second is np/60.    Therefore, the number of 
mesh cycles per second is equal to Np {np/60).   Accordingly, the 
average frictional power loss for the gear set is 
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JA JC JB 

Nn 

3^        |71, 

where  $av     =    average frictional power loss of the gear set,  Btu/sec 

Nr number of pinion teeth 

Equation (71) was derived for a gear set with a contact ratio 
between 1 and 2.    If the contact ratio is greater than Z, a similar 
reasoning yields 

^av I VU) df 
360 

(72) 

For a contact ratio between 2 and 3, the expression in the brackets 
contains 5 terms,  to be integrated over the first triple-tooth contact, 
the first double-tooth contact,  the second triple-tooth contact,  the 
second double-tooth contact,  and the third triple-tooth contact.49 
Similarly, for still higher contact ratios, the number of terms in the 
brackets must be correspondingly increased. 

Equation (72) is generally applicable to any gear type at any 
contact ratio, provided it is noted that the expression for ^'(c) must 
consider the effect of gear type on f,  W,  and Vs,  and provided the 
number of terms in the brackets is set conmensurate with the contact 
ratio.    The procedure for solving Equation (72) is therefore dependent 
on the gear design,  as will be explained in Sections D,   E, and F of 
this chapter,  and also by reference to specific examples in Sections 
B, C,  and D of Chapter VIII. 

Selection of C of Gears.     The way Equation (69) is set up, 
the constant C is the sole parameter which defines the heat removal 
characteristics of the gear system.    The value of C is dependent on 
the heat transfer processes involved,  particularly conduction and 
convection from the meshing gear surfaces; and these processes are 
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expected to be influenced by gear design,  system design, and oper- 
ating conditions.   Confident assessment of the value of C requires a 
detailed analysis of the heat transfer processes; and in view of the 
direct dependence of {T8 - Tj) on C in Equation (69), it is clear that 
each case should be examined individually and "rules of thumb" are 
difficult to apply.   Unfortunately, no rational analysis of the heat 
transfer behavior of gears, or of any rotating lubricated machine 
elements, is known to have been made to date.!*)    Therefore, for the 
purpose at hand, a tentative guideline, however crude, is required. 

The basis of this tentative guideline is the variation of the 
constant C for sliding-rolling disk systems presented in Figure 25, 
to which a "correction" is applied to obtain the corresponding value 
of C for gear systems.   As seen in Figure 25, the value of C for a 
disk system is markedly influenced by the rate at which the oil supplied 
by the jet (or jets, or horn) impinges on the meshing surfaces, as 
well as the system design as it affects heat convection and conduction 
from the meshing surfaces.    For the present purpose, the curve for 
SwRI disk tester B in Figure 25 will be taken as the basis for esti- 
mating purposes.   It will be assumed that the value of C for any gear 
system is related to the value of C for SwRI disk tester B, at the 
same oil flow rate, as follows: 

C   =   KC (73) 

where the factor K accounts for the difference in heat transfer behav- 
iors between the gear system and the reference disk system.    The value 
of K is expected to depend on the gear design, system design, and 
operating conditions.   In general, the oil which is supplied by the jet 
(or jets, or horn) impinges directly on the meshing surfaces of the 
disks where frictional heat is generated, and thus performs the best 
job of removing the frictional heat by convection.    This is not so with 
gears, because the oil jetted toward the gears usually cannot penetrate 
deep into the gear mesh and tends to break up or atomize due to gear 
rotation.   Moreover, the gear type would be expected to exert a con- 
siderable influence on this behavior, with the influence being smaller 
for spur gears due to their "open" configuration, and greater for heli- 
cal and spiral bevel gears due to their less "open" configuration. 

In addition to heat convection, the effect of heat conduction along 
the gear shafts is also important.   In the disk systems referred to in 
Figure 25, the disks were straddle-mounted so that there were two 
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paths to remove the heat by conduction from the disks.    With gears 
that are straddle-mounted,  it is clear that there are likewise two heat 
conduction paths.    On the other hand, with overhung gears,  heat con- 
duction can take place only along one end of the shafts,  so that the 
heat removal rate is expected to be greatly reduced. 

While the general heat transfer behavior described above is 
believed to be qualitatively correct, the assignment of the quantitative 
value of K in Equation (73) for different gear types and gear mounting 
arrangements is of course very difficult.    As said before,  the authors 
are not aware of any available information of this kind.   In the absence 
of such information, the following tentative values of K are assumed: 

K      =       1.5   for straddle-mounted spur gears (74) 

K      =       3.0   for overhung spur gears (75) 

K     =      2. 5   for st raddle-mounted helical and 
spiral bevel gears (76) 

K      =       5.0   for overhung helical and spiral 
bevel gears (77) 

The K values given above are admittedly very arbitrary; but no viable 
and more precise alternative appears possible at this time.    They 
serve at least as a tentative element in the overall predictive frame- 
work, until more refined solution to the problem becomes available. 

C. Actual Scoring-Limited Power-Transmitting Capacity 

It is clear from Equation (67) that in order to predict the actual 
scoring-limited power-transmitting capacity of the gear set, it is 
necessary to estimate the misalignment factor, Sm,  and the dynamic 
factor, Sd.   Confident assessment of Sm and Sd is, as indicated in 
Chapters n to V, exceedingly difficult.    Empirical correlations are 
likewise difficult,  because even if PA for a gear set is known by test 
and the corresponding Pj is obtained from the preceding analysis, one 
only knows the magnitude of the product SmSd, but not the individual 
magnitudes of Sm and Sd.   An attempt will be made presently to deduce 
the probable magnitudes of these two factors, based upon some spur 
gear scoring test results furnished by AGMA.   However, before doing 
so,  an overview of the problem appears in order. 

Misalignment Factor.     The effect of angular misalignment on 
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the strength-related failures of spur gear teeth was first examined by 
Van 2andt,73 then applied to helical gears by Wellauer,74 and later 
adopted for use in the AGMA strength design standards for spur^ and 
helical gears.5   The effect of tooth misalignment on the scoring- 
limited power-transmitting capacity of spur g ars was emphasized by 
Kelley and JLemanski.22    The procedure of calculation has been out- 
lined in References 4 and 5. 

Using the above-mentioned procedure, the effect of angular 
misalignment on the value of Sm of spur and helical gears has been 
calculated and is presented in Figure 28.   In this figure, wt denotes a 
fictitious unit tangential tooth load, which gives a measure of the so- 
called load-carrying capacity; e is the angular misalignment; and F is 
the effective face width.    Note that at any value of wt and F, Sm re- 
duces markedly with increasing e.    Note further that,  due to elastic 
deformation across the tooth face, the misalignment effect is sub- 
stantially reduced with narrow gears and with increased torque or wt. 
These latter effects are illustrated in Figure 29 for an angular mis- 
alignment of 0.001 rad. 

The misalignment problem is considerably more difficult to 
handle for spiral bevel gears, mainly because the gear surfaces are 
curved three-dimensionally and therefore misalignment will produce 
a very complex tooth contact condition.   The problem was discussed 
by Coleman,75 who stated that aircraft spiral bevel gears frequently 
require a load distribution factor of 1.4 or more.    In the AGMA 
strength design standard for spiral bevel gears,6 the load distribution 
factor is taken as 1.10 to 1. 40 for straddle-mounted aircraft-type 
spiral bevel gears,  and 1. 25 to 1. 50 for overhung-mounted aircraft- 
type spiral bevel gears.    The misalignment factor, Sm, as employed 
herein, is the reciprocal of the AGMA load distribution factor.    There- 
fore, accepting the AGMA values as being representative, the misalign- 
ment factor, Sm, for aircraft-type spiral bevel gears is then in the 
range of 0. 71 to 0. 91 if straddle-mounted, and in the range of 0. 67 to 
0. 80 if overhung-mounted. 

It is seen that the effect of tooth misalignment in reducing the 
scoring-limited power-trejismitting capacity from the ideal case of 
perfect alignment is very powerful.   A particularly disturbing aspect 
of the problem is that the misalignment in actual gears can be caused 
by manufacturing errors, tolerance stackup in the assembly process, 
support bearing misalignment,  shaft deflections under load, and dif- 
ferential thermal expansions of the housing and related components. 
The situation is so involved, particularly with the more complex gear 
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types, that the net value of e cannot be realistically predicted or con- 
trolled in the design process.   Measurement of e in an assembled gear 
set requires extreme accuracy, because Sxn is so sensitive to e, 
especially in the range of low e which is of major interest.    Finally, 
examination of the "contact pattern" across the tooth face can be quite 
misleading, because "full contact" can be expected unlesc gross mis- 
alignment is present.   For example,  with spur and helical gears,  "full 
contact" would prevail for any value of Sm of 0. 5 or greater,   regardless 
of the combination of F and wt.    In other words,  "full contact" would be 
observed for all values of F up to 1. 5 in. shown in Figure 28; but yet the 
misalignment may be very much in excess of 0. 002 rad. 

For aircraft power gears, which are designed, manufactured, 
and assembled with care, it is felt thai, an angular misalignment of 
0. 001 rad. may very likely be a realistic optimal limit—an amount 
significant enough in reducing the power-transmitting capacity from 
perfect alignment; but small enough so that it could easily escape notice 
in practice.    Thus, in the absence of specific information to the con- 
trary, it is believed that e = 0. 001 rad. is probably a fairly reasonable 
value to use in aircraft-type spur and helical gear design,  and Figure 29 
can be used to estimate the value of Sm.   For aircraft-type spiral bevel 
gears, an assumed value of Sm of 0. 75 for straddle-mounted gears,  or 
0.70 for overhung gears,  is believed to be realistically optimal.   If the 
actual value of Sm should be found to be substantially lower than these 
target values, more stringent control in design, manufacture, and 
assembly would appear warranted. 

Dynamic Factor.     It should be clear from Chapter II, Section F, 
and Chapters in to V that the dynamic factor is another extremely dif- 
ficult quantity to handle, both theoretically and practically.   However» 
its pronounced effect in reducing the actual gear performance from 
ideal can readily be seen from Figure 30. 

Figure 30 plots the dynamic factor, Sd, as a function of the 
pitchline velocity, Vt.    The horizontal line designated as Kyi and the 
curves designated as Kv2 «tnd Kv3 are taken from the AGMA strength 
design standard for spur gears.4   The AGMA strength design standards 
for helical gearsS and spiral bevel gears^ use the same Kyi and Kv2; 
but not Kv3 due essentially to the greater degree of load sharing and 
hence smoother load transfer in these gear types. 

The equations for these AGMA Kv values were given in Chapter 
III, Section C, but are repeated below for convenience: 
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Figure 30.     Dynamic factor vs. pitchline velocity 
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Kyi    « 1 (78) 

Kv2    =      [~ .'"r^- (79) 
78 

78+   /Vl 

KV3    =  ^—s (80) 
50+ yv; 

These equations are empirical and do not explicitly account for the 
effects of gear and system design, manufacturing errors, and operating 
variables as discussed, for example,  in Chapter III, Section C.    It is 
clear that Kyi is in reality a definition of the static load, which is not 
strictly achievable even for "high precision" gears in theory or practice. 
At the other extreme, Ky3 would appear to be rather pessimistic for 
aircraft-quality spur gears and too pessimistic for aircraft-quality 
helical and spur gears.   In order to provide some measure of flexibility 
for the purposes of design and performance analysis when no reliable 
estimate of the system dynamic behavior is available, another empirical 
dynamic factor,  defined as 

Kvl + Kv2 
Sdl     =   -^S—^ (81) 

has been found to be quite helpful. 

Figure 30 compares the four curves with the dynamic factors 
calculated by Tuplin's method (Sect. C, Chaps. Ill and IV) for an 
aircraft-type spur gear  set at four pitchline velocities (shown by the 
crosses) and for an aircraft-type helical gear set at one pitchline 
velocity (shown by a circle), as well as the dynamic factors deduced 
from the test results for several aircraft-type spur gear sets furnished 
by AGMA (shown by vertical bars A,  B,  and C).    The deduction of the 
AGMA data will be discussed presently.   It is seen that, if these data 
are indicative of what may happen in practice, then Ky2 appears to be 
a fairly typical average for aircraft-type spur gears, with an uncer- 
tainty range as high as Sell and as low as halfway between Ky2 and Ky3. 
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In view of the enormous complexity of the problem and a lack of 
other specific information at present, it is suggested that Kv2 be taken 
as a reasonable dynamic factor for aircraft spur gears, and Sdl as a 
reasonable dynamic factor for aircraft helical and spiral bevel gears, 
provided no unusual system dynamic stimulus is present.   If substan- 
tially lower dynamic factors are suspected in practice, a review of the 
details of design, manufacture,  and system dynamics would seem to be 
indicated. 

AGMA Spur Gear Test Results.     As an aid to evaluating the 
scoring-limited performance of typical aircraft power gears,  13 sets 
of full-scale spur gear scoring test results were supplied to this 
program by the Tribology Division, AGMA Aerospace Gearing Com- 
mittee.   Only 5 sets of such data,  from tests employing AISI 9310 steel 
gears and MIL-L-7808 or MIL-L-23699 oils that went far enough to 
reach scoring,  were analyzed and made use of herein in an attempt%to 
deduce the probable values of the misalignment and dynamic factors. 

A description of the five AGMA test series, their experimentally 
determined PA»  and their estimated Pj by the procedure outlined in the 
preceding section, are detailed in Appendix E.   It will be noted that, in 
each cited case,  only one test was available for scoring analysis.   Since 
there is no statistical basis for a single test, it was not thought neces- 
sary to estimate the Pi for each case by a full computer program. 
Rather,  making use of the AGMA computer printouts, their results 
were converted by simple mathematical manipulations, which are 
identical to the procedure outlined in the preceding section in all re- 
spects,  except by assuming a different but constant f in each case. 
The assumption of a constant f for each test is not a drastic one, be- 
causejScoring generally occars in the fairly flat region of the f vs. 
WVS'* curve (Fig.  20).    But this assumption greatly simplifies the 
computations,  so that they could easily be handled manually.    These 
rather simple manipulations are explained in detail in Appendix E. 

Table E-7 compares the actual and ideal performance of the 
cases examined.    The quantity of special interest here is the ratio of 
PA to Pj, which, from Equation (67), is the product of Sm and Sd in 
each case. 

In an effort to estimate the individual values of Sm and Sd for 
each case when thc^r product is known, it is necessary to assume some 
value for Sm or Sd and examine whether the resulting Sd or Sm would 
appear plausible.    The process is then repeated until plausible answers 
are obtained.    Table 6 summarizes the results of this type of analysis. 
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TABLE 6.     ESTIMATES FOR MISALIGNMENT AND DYNAMIC 
FACTORS FOR AGMA SPUR GEAR TESTS 

Series B   Series B   Series Al Series A2 Series A3 Series C 
(Test 272) (Test 273) (Test 87) (Test 118)(Test 110) (Test 10) 

F, in. 1.55 1.55 0.50 0.50 0.50 0.25 

6i, jjin.AA 15.0 15.0 12.8 30.0 39.0 18.0 

Vt, fpm 4760 4760 5749 5749 5749 11968 

wt,  ppi 2308 3078 4160 2398 1956 2800 

SmSd 0.71 0.76 0.37 0.32 0.34 0.31 

Assume Sd : = Sdl 

Sd 0.87 0.87 0.86 0.86 0.86 0.83 

sm 0.82 0.87 0.43 0.37 0.40 0.37 

e,  rad.        0.0003       0.0002       0.0104       0.0073    0.0054       0.0120 

Assume S^ = Kv2 

Sd 0.72          (0.76)*        0.71 0.71 0.71 0.64 

Sm 0.99            1.00            0.52 0.45 0.48 0.48 

e,  rad. -0                 0            0.0077 0.0057 0.0042 0.0075 

Assume e - : 0. 005 rad. 

Sm 0.65 0.50 0.45 0.62 

Sd 0. 57 0.64 0.76 0.50 

* In this case, a maximum value of Sm = 1.00 is assumed.   Thus 
Sd s 0. 76, which is greater than Kv2 = 0. 72. 
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Table 6 lists the effective face width,  F; initial composite sur- 
face roughness, öi; pitchline velocity, Vt; unit tangential load at scor- 
ing, wt ; and SmSd product for the six tests in which scoring was 
obtained.    The values of the SmSci product are taken directly from 
Table E-7 for Series Al, A2, A3, and C.    For each of the two tests in 
Series B, the two SmSd products deduced for two assumed oil jet tem- 
peratures in Table E-7 are averaged to give a single value listed in 
Table 6. 

Let it first be assumed that the dynamic factor, Sd, in each 
test is as high as Sdl at that particular Vt.    Figure 30 or Equation (81) 
then gives the tabulated value of Sd for the test.    Since Sm = (SmSd/Sd), 
then the corresponding value of Sm for the test can be calculated. 
Knowing this Sm and given F and wt,  the appropriate value of e for the 
test can be read off Figure 28 by interpolation,  or calculated by the 
AGMA method^ if e is greater than 0. 002 rad.    Note from Table 6 that 
the values of e for the two Series B tests are very small,  indicating 
good alignment in these tests.    On the other hand, the values of e for the 
other four tests appear to be excessive.    This is because at values of 
Sm less than 0. 5, less than "full contact" across the tooth face would 
be expected, and this condition would probably have been noticed by an 
alert test operator. 

Let it now be assumed that the dynamic factor, Sd,  in these 
tests is equal to Kv2i then similar calculations will yield the values of 
Sm and e shown next in Table 6.   It is seen that Test B272 would indi- 
cate almost perfect tooth alignment.    As to Test B273, even the as- 
sumption of a perfect tooth alignment would yield Sd = 0.76/1.00 = 
0. 76,  which is greater than the assumed Sd ~ 0. 72 for Test B272.    If it 
is then assumed that Test B272 also has Sd = 0.76, the corresponding 
misalignment factor would be Sm = 0. 71 /0. 76 = 0. 93, which gives e = 
0. 0001 rad.,  or still an extremely good tooth alignment. 

The assumption of Sd = Kvz gives significantly more plausible 
results for the Series A and Series C tests.  Note from Table 6 that the 
values of e are considerably reduced as compared with the case of Sd = 
Sdi.    Further, the values of Sm are now all close enough to 0. 5 so that 
"full contact" across the tooth face might have resulted, and the 
presence of the misalignment could have escaped notice. 

Finally, if it is assumed that e = 0. 005 rad. in the Series A and 
Series C tests, then the resulting values of Sm» and the corresponding 
values of Sd»  would be as shown at the bottom of Table 6.    These Sm 
values appear, on the whole, to be even more plausible than those given 
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by the assumption of Sd = Kv2*   However, with the assumed e = 0. 005 
rad., the Sd values would all be less than KyZ- 

In reviewing the various values of Sm and Sd presented above, 
it should be kept in mind that only single tests are involved, so the 
results should be interpreted with caution.    It would appear that perfect 
tooth alignment would be more likely accidental than realistically 
achievable; but a misalignment in excess of, say,  0. 005 rad.  should 

* have been detected by alert test personnel.    Thus, selecting only those 
values of Sd in Table 6 that lie within these misalignment limits, then 
the probable range of Sd for these tests would be as shown by the verti- 
cal bars in Figure 30. 

In other words, depending upon what sort of tooth misalignment 
was assumed for these AGMA spur gear tests, the dynamic factor,  Sd, 
could be as portrayed by the vertical bars shown in Figure 30,  giving 
a rather good average corresponding to Kv2 but with a large range of 
uncertainty.    This exercise shows clearly that more definitive data on 
both misalignment and dynamic effects are urgently needed.   It also 
shows that while both factors are important, poor misalignment can 
easily mask the probable effect of the dynamic load. 

In the prediction of the actual scoring-limited power- 
transmitting capacity of gears, careful assessment of the probable 
misalignment and dynamic effects  is    desirable but obviously not 
easy.    In the absence of specific information,  performance predictions 
based on an assumed angular misalignment of 0. 001 rad., and an 
assumed dynamic factor equal to Kv2 for spur gears or Sdl for helical 
and spiral bevel gears, would appear to be reasonable, though perhaps 
somewhat optimistic, for aircraft power gear practice. 

D. Spur Gear Scoring Prediction 

The preceding sections have dealt with the prediction of the ideal 
and actual scoring-limited power-transmitting capacities of gears in 
detail,  except for those items related to specific gear types.    This 
section will be concerned with those aspects of the predictive pro- 
cedure dealing specifically with spur gears.    The next two sections 
will deal with helical and spiral bevel gears. 

Instantaneous Coefficient of Friction.    The quantity f is required 
in calculating T8 and AT, and thus in the prediction of the ideal scoring- 
limited power-transmitting capacity.   As noted in Section B of this 
chapter, the selection of the proper equations for f for spur gears is 
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straightforward.   Specific examples will be given in Section B of the 
next chapter. 

Quasi-Steady Surface Temperature.     The quantity Tg is calcu- 
lated by Equation (69), and the procedures for calculating fov uid 
assigning the value of the constant C have been explained in Section B 
of this chapter. 

In calculating $av hy Equation (72), note that the instantaneous 
frictional power loss, V> expressed as a function of the pinion roll 
angle, c, is given in the computer printout (App. H).   With this infor- 
mation,  Equation (72) may be solved graphically by plotting V vs.  C 
and measuring the areas under the curve.   However, numerical inte- 
gration by the computer is by far the easier, as will be explained in 
Section B of the next chapter.   A specific example will be given in 
Appendix K. 

Maximum Instantaneous Surface Temperature Rise.     The quan- 
tity AT is also required in the prediction of the ideal scoring-limited 
power-transmitting capacity.   The basic equation for AT is given by 
Equation (70).    For spur gears, 

B     =    (32wR/trE)i 

Vi    =    2irppnp/60 

v2   =    2ffpgng/60 

Substituting the above expressions into Equation (70), and taking E = 
33 x 106 psi, one obtains 

AT = i5.23fwi|Ay^-   vp^l (82) 

/3R* 

where ß is given in Appendix A for AISI 9310 steel. 

Critical Temperature.     The quantity Tcr is required to estab- 
lish the scoring condition and obtain the ideal scoring-limited power- 
transmitting capacity.    This quantity was dealt with in Section B of this 
chapter. 
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Misalignment and Dynamic Factors.     The misalignment factor, 
Sm. and dynamic factor,  Sd» are required in the prediction of the 
actual s co ring-limited power-transmitting capacity by Equation (67). 
If no other specific information is available at the design stage, it is 
recommended that Sm be based on an assumed angular misalignment 
of 0. 001 rad., and Sd be assumed to be equal to KyZ« 

E. Helical Gear Scoring Prediction 

The prediction of the scoring-limited power-transmitting 
capacity of helical gears is basically similar to that of spur gears. 
However, on account of the high contact ratios normally used in helical 
gears, the load sharing problem is far more complex (Chap. IV, Sect. 
B).   The customary, approximate way to handle the problem has been 
illustrated in Figure 7.    At any instant in the mesh cycle,  several pairs 
of teeth are sharing the total normal tooth load; and the fraction of this 
load carried by any tooth pair is assumed to be proportional to the ratio 
of the length of the line of contact on that tooth pair to the total length 
of lines of contact on all contacting tooth pairs.    This is tantamount to 
assuming that the instantaneous unit static normal load at any point on 
all lines of contact of all simultaneously contacting teeth at that instant 
is constant and equal to 

w   =   W/L (83) 

and the instantaneous static normal load carried by any elemental gear 
tooth with midpoint at M (Fig. 7) is 

Wi  =   wi   =   Wi/L (84) 

where   w     =   instantaneous unit static load, ppi 

W     =   total static normal load, lb 

Wj   =   instantaneous static normal load on an elemental tooth, lb 

L     =   total length of instantaneous lines of contact on all simul- 
taneously contacting tooth pairs, in. 

i       =   length of line of contact on an elemental tooth, in. 
; 
i 
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Note that although w is constant at any given instant in the mesh, it is 
not constant throughout the mesh cycle because L is not constant 
throughout the mesh cycle.   Also, since i is chosen to be an integral 
divider of the length of the particular instantaneous line of contact on 
which it lies, it is generally not the same on all simultaneous lines of 
contact.   Accordingly,  Wi is generally not constant at any instant 
spatially and not constant through the mesh cycle. 

Instantaneous Coefficient of Friction.     As noted in Section B of 
this chapter, the sliding motion in the helical gear mesh is inclined at 
an angle to the orientation of the grinding grooves.    This orientation 
effect is taken as a function of the helix angle, and should be accounted 
for in writing the equations for f.   A specific example will be given in 
Section C of the next chapter. 

Quasi-Steady Surface Temperature.     The quantity Ts is calcu- 
lated by Equation (69),  and the procedure for assigning the value of the 
constant C needs no further comment.    The quantity (^av is calculated 
basically by Equation (72) which is general for all gear types.   How- 
ever, some additional manipulations are required due to the manner 
in which the helical gear analysis is made. 

In calculating 4>av fo? helical gears, it is first necessary to 
calculate the elemental contribution &$ = A(fWVs) at any arbitrary 
point M on an instantaneous line of contact (Fig. 7),  and to obtain the 
total instantaneous <)> along this line by summing all of the elemental 
contributions over this line.    This summation is comparable to 4»   in 
Equation (72).   If this summation were expressed as a function of the 
pinion roll angle at the line of contact under consideration, then the 
successive values of <j>'(f) obtained as contact progressed over the 
plane of action could be applied directly to Equation (72). 

However, for the sake of convenience, the computer program 
(App. I) is written with successive lines of contact spaced equal dis- 
tances apart as a function of their distance f from the initial contact 
point A, as shown in Figure 7.   Since <t» is thus a function of the linear 
distance f and not the pinion roll angle e.  Equation (72) must be trans- 
formed to read 

«t» 
J*" (f)df 

av   - Ac 

/Nr 

3601 
(85) 
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where  4)"(1:)  =   instantaneous fFictional power loss expressed as a 
function of parameter f, Btu/sec 

£jy      =   normal distance from the first point of contact A to the 
final point of contact D1 (Fig.  7) 

Ac      =   angle the pinion turns through from the first point of 
contact A to the final point of contact D1,  deg 

Np      =   number of pinion teeth 

Note that the integration is performed over the distance f, normal to the 
instantaneous lines of contact.    The bracketed term in Equation (85) 
represents the average 4)" over the plane of action. 

The value of Ac is found from the length of the path of contact in 
the transverse plane as 

Ac   =   LZ . iM (86) 
db     ir 

where   Z        =   length of path of contact in transverse plane,  in. 

db      =   base diameter of pinion, in. 

The ratio 180/n converts the expression to angular degrees. 

Maximum Instantaneous Surface Temperature Rise.     The 
quantity AT at any point M in Figure 7 is obtained by substituting Wi/i 
for w in Equation (82),  thus: 

15.23 f(Wi/|)4    1 /JÖ^ -    /PÜnäi 
AT   = lv F H ^   a B' (87) 

/3R4 

where all quantities except ß, n^ and n^ are the instantaneous values at 
point M. 

Critical Temperature.      The quantity Tcr was dealt with in 
Section B of this chapter. 
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Misalignment and Dynamic Factors.     If no other specific infor- 
mation is available at the design stage, it is recommended that the 
misalignment factor, Sm. be based on an assumed angular misalign- 
ment of 0. 001 rad.; and the dynamic factor, Sd, be assumed to be 
equal to Sdi. 

F. Spiral Bevel Gear Scoring Predictions 

The prediction of the scoring-limited power-transmitting 
capacity of spiral bevel gears is similar in principle to that of helical 
gears, but with the added complications of the cross-axes arrangement 
and the varying spiral angle.   For the present purpose, the approxi- 
mate kinematic and static load analyses, due largely to Coleman66»67 
and briefly covered in Chapter V,  will be adapted for use. 

Instantaneous Coefficient of Friction.     As in the case of helical 
gears, the sliding motion in the spiral bevel gear mesh is also inclined 
at an angle to the orientation of the grinding grooves.    This orientation 
effect is taken as a function of the spiral angle, and should be accounted 
for in writing the equations for f.   A specific example will be given in 
Section D of the next chapter. 

Quasi-Steady Surface Temperature.     The calculation of TB for 
spiral bevel gears is similar to that for helical gears,  except that the 
quantity <}>" for any instantaneous line of contact is directly calculated 
(App. J), and a summation along the line is thus not required. 

The contact condition in a pair of spiral bevel gears is shown in 
Figure 10.   Motion sweeps across the plane of action in the axial as 
well as the transverse directions, much as in the helical gear.   How- 
ever, unlike the uniform contact assumed along a contact line in helical 
gears, the contact in spiral bevel gears is assumed concentrated at tha 
middle of the contact line.    Thus to estimate T8, it is only necessary 
to integrate over the diagonal length of action,  TJ, the instantaneous 
values of <t>" for a large number of contact lines uniformly spaced over 
the contact ellipse in the plane of action. 

Using an expression similar to Equation (85), <|>av i8 then 

* av   - 
JV'Wdf 

AC 
N, 

360/ 
(88) 
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where  V(f)  =   instantaneous frictional power loss expressed as a 
function of parameter f,  Btu/sec 

f =   distance from the center of contact area to a line of 
contact (Fig.  10),  in. 

1) s   length of contact normal to lines of contact, in. 

Ac      =   angle through which the pinion turns from initial con- 
tact to final contact, deg. 

Np      =   number of pinion teeth 

The value of Ac in this case is 

Ac   =     2   . Mi (89) 
A sin y        if 

where   Z        =   length of contact in transverse plane, in. 

A        =   mean cone distance, in. 

y        -   pitch angle of pinion,  deg. 

Maximum Instantaneous Surface Temperature Rise.     In 
Coleman's analysis,^^ the quantity AT at the midpoint on any instan- 
taneous line of contact (Fig.  10) was expressed in terms of the maxi- 
mum Hertz stress,  qo, at that point.   He used basically Kelley's 
approximation^ to enter Equation (70).   Coleman's expression for AT 
may then be shown to be 

AT J* l ga v; „o, 

with 

/ 
q        =   C     /    i- (91) Ho py   SGR 
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and 

C, /3E 
" y 4 ff P   = JTT (92) 

* 
Substituting Equations (91) and (92) into Equation (90), and taking E = 
33 x 106 psi, one obtains 

2487 f     /W]   V8 
AT   =        ; ,  j—Z=r* .. . (93) 

In Equations (90) and (93), the kinematic relationships have 
been dealt with in Chapter V, Section A, while the static load relation- 
ships have been dealt with in Chapter V, Section B.    Thus, Vs is given 
by Equation (36), and dp and dg by Equations (38) and (39),   respectively. 
Vp and Vg, not previously given,  are 

VP 

Vg 

yvpp2 + Vpp2 (94) 

yVrg2 + Vp/ (95) 

where VFpi Vpp, V^g,  and Vpg are given by Equations (32),  (33), 
(34),  and (35),  respectively.    SQ is given by Equation (43).    Wj is given 
by Equation (45).   Note that except for ß and E,which are properties of 
the gear steel, all other quantities entering Equation (90) or Equation 
(93) are not constant either spatially or through the mesh cycle. 

Critical Temperature.     The quantity Tcr was dealt with in 
Section B of this chapter. 

Misalignment and Dynamic Factors.    If no other specific infor- 
mation is available at the design stage, it is recommended that the 
misriignment factor, Sm. be taken as 0. 75 for straddle-mounted spiral 
bevel gears and 0. 70 for overhung spiral bevel gears, and that the 
dynamic factor, Sd, be assumed to be equal to Sdl> 
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CHAPTER VIII 
GEAR SCORING TEST PROGRAM 

A. General 

In order to evaluate the validity of the gear scoring prediction 
method outlined in the preceding chapter, the plan was to select or 
design typical aircraft-type spur, helical, and spiral bevel gears, and to 
predict their probable scoring-limited power-transmitting capacities 
under specified operating conditions.    Concurrently, these selected or 
designed gears were to be procured or manufactured, and then tested 
under the specified operating conditions to determine their actual 
scoring-limited power-transmitting capacities.    The predicted and the 
experimentally-determined values were then to be compared. 

Recommendations on the specific gear designs and test plans 
were made with the aid of Bell Helicopter Company (subcontractor) 
and submitted to the Eustis Directorate,  U.S. Army Air Mobility 
Research and Development Laboratory for prior approval.    After 
USAAMRDL approval was received, the procurement and manufacture 
of the gears were handled by BHC.    Testing of these gears was sub- 
sequently performed by BHC under SwRI supervision. 

The gear test program originally called for a total of 30 tests, 
comprising 10 tests each on spur,  helical,  and spiral bevel gears.    The 
10 tests on each gear type were further divided into two sets of 5 tests 
each, with some design feature or test condition varied.    All gears 
were to be made of AISI 9310 CE^M steel,  carburized to give an effec- 
tive case thickness of 0. 030-0. 040 in., a case hardness of 60-63 Rc,  a 
core hardness of 33-41 Rc,  and surface-treated with black oxide as 
per BHC Specification BPSFW 4084 — essentially the same as the test 
disks used in tiie disk tests (Chap. VI and App. D).    The test oil was 
to be Oil F (App. A), the same MIL-L-7808G oil used in the disk tests. 

The other gear and test details will be given later in Sections 
B,  C, and D of this chapter and in Appendixes F and G.    However, the 
gear test program had undergone certain changes as it developed, and 
these changes will now be reviewed. 

Spur Gears.     All spur gears were to be 31 x 76 teeth,  with a 
diametral pitch of 8. 5 in.-l     Five sets of these gears were to be ground 
to about 17 ßin. AA surface finish and 5 sets honed to about 7 ^lin. AA 
surface finish.   All tests were to be run at a pinion speed of 8, 000 rpm, 
at an oil jet temperature of 190oF. 
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As it turned out, the gears received from the vendor were 
found to be much smoother than specified; but it was decided to proceed 
with the testing in order to expedite the program.   It was also found 
that the torque capacity of the test rig available at BHC was not enough 
to score the gears at i90oF oil jet temperature and 8,000 rpm pinion 
speed.   It was felt that increasing the test speed at maximum rig torque 
capacity was risky.   Accordingly, the test plan was modified to test 
all spur gears at an oil jet temperature of 250SF. 

Helical Gears.     The helical gears were to be 31 x 138 teeth, 
with a diametral pitch of 8. 5 in,-l   and a helix angle of J 8. 3°.    Five 
sets of these gears were to be tested at 5,000 rpm,  and 5 sets at 
25, 000 rpm.    The oil jet temperature was to be 190oF. 

As it happened, manufacturing problems were encountered by 
the vendor,  and delivery of the helical gears was repeatedly delayed. 
It became necessary to modify the program to delete testing of the 
helical gears entirely. 

Spiral Bevel Gears.     It was planned to test 5 sets each of two 
spiral bevel gear designs.    One design was to be 22 x 23 teeth,  with a 
diametral pitch of 6.11 in.-1, and a spiral angle of 35s.    These 5 sets 
were duly tested at the planned pinion speed of 4, 500 rpm and the 
planned oil jet temperature of 190oF. 

The other design was to be 19 X 62 teeth, with a diametral pitch 
of 6. 33 in.-l,anda spiral angle of 35°.    These 5 sets were to be tested 
at a pinion speed of 6, 000 rpm and an oil jet temperature of 190eF. 
Due to scheduling problems of the available test rig at BHC,  it was not 
possible to conduct these tests expeditiously.   Accordingly, the pro- 
gram was modified to delete the 5 tests on the 19 X 62 spiral bevel 
gears. 

In summary, due to various difficulties encountered, the 
originally scheduled 30 gear tests were not all run.    Rather,  only 15 
tests were performed,  5 each on the ground spur gears, the honed 
spur gears, and the 22 x 23 spiral bevel gears. 

The subsequent sections of this chapter will first present the 
predicted scoring-limited power-transmitting capacities of the gear 
sets,  and then compare these with the experimentally-determined 
values.   For the sake of convenience, sample runs of the computer 
programs are presented in Appendixes H, I, and J for the three gear 
types.    Likewise, summaries of the spur gear and spiral bevel gear 
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test data are presented in Appendixes F and G,   respectively. 

B. Spur Gear Test Program 

The spur gear test program consisted of replicate tests on 5 
sets of ground spur gears and 5 sets of honed spur gears of same 
design and material, tested for scoring at the same speed and oil jet 
temperature.    Details of the test equipment, test procedure,  and re- 
sults are summarized in Appendix F. 

The test gears were made of AISI 9310 CEVM steel, carburized 
to a case thickness of 0. 030-0. 040 in., a case hardness of 60-63 Re, 
a core hardness of 33-41 Re, and surface-treated with a black oxide. 
The dimensions of the pinions and gears are given in Table 7.    The 
measured surface roughnesses in the profile and lead directions of the 
pinions and gears are presented in Appendix F,  where it is estimated 
that the average initial composite surface, 6i,  was 13.7 jjin. AA for 
the 5 sets of ground gears, and 15. 8 ßin. AA for the 5 sets of honed 
gears. 

The test oil was Oil F, a MIL-L-7808G synthetic oil. 

The tests were conducted at a pinion speed of 8, 000 rpm,  with 
the pinion as the driver.    The corresponding pitchline velocity was 
7, 638 fpm.    The gears were mounted on vertical shafts, and were 
lubricated by cascading oil and by am oil jet directed into the mesh. 
Flow through the oil jet was 0.28 gpm and the oil jet temperature was 
250° F.    The cascading oil flow rate and temperature were not 
measured. 

Dimensional inspection of the test section housing and bearings 
revealed that the test rig had an assembled misalignment of 0.0007 rad., 
with the lower end of the teeth (i.e.,  the S/N end in Fig.  F-2) being 
more heavily loaded than the upper end.    Apart from this,  tooth mis- 
alignment also resulted from the lead errors on the pinion and gear 
teeth.    An attempt was made to balance the lead errors on the mating 
pairs of pinions and gears.    As shown in Appendix F, the best estimate 
for the average resultant tooth misalignment was 0. 00076 rad. for the 
ground gear sets, and 0. 00084 rad. for the honed gear sets. 

Ideal Scoring Power of Ground Spur Gears.     The ideal scoring 
limited power-transmitting capacity of the ground spur gears was esti- 
mated by the procedure outlined in Chapter VII.    For reasons given in 
Chapter VII, the critical temperature,  Tcr. and the coefficient of 
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TABLE 7.     SPUR GEAR DESIGN DATA 

Number of teeth 
Diametral pitch, in. "^ 
Pitch diameter,  in. 
Face width,  in. 
Pressure angle,  deg 
Outside diameter, in. 
Root diameter, in. 
Mean circular tooth thickness,  in. 

Start of tip modification,  deg    roll 
End of tip modification,  deg    roll 
Nominal slope of tip modification line, in. 
Nominal slope of profile slope line,  in. 
Nominal slope of tooth slope line,  in. 

Maximum allowable errors: 
Tooth to tooth spacing, in. 
Accumulated spacing, in. 
Slope of tip modification line,  in. 
Slope of profile line, in. 
Slope of tooth slope line, in. 

Material and surface: 
Material, AISI 
Case thickness, in. 
Case hardness,  Rc 

Core hardness,  Rc 
Surface finish,  ßin. AA 

Pinion Gear 
(Driver! Driven) 

31 76 
8.5 8.5 

3.6471 8.9412 
1. 375 1.250 
22.0 22.0 

3.907 9.184 
3.354 8.632 
0.1848 0.1768 

27.49 25.00 
32.15 26.89 

-0.00035 -0.00045 
0 0 
0 0 

0. 0002 0.0002 
0. 0006 0.0006 

±0.00015 ±0.00015 
±0.0001 ±0.0001 
±0.00025 ±0.00025 

9310 9310 
0.030-0.040 0.030-0.04 

60-63 60-63 
33-41 33-41 

See text See text 
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friction, f, are assumed to be those of the plain surfaces,  i.e.,  sur- 
faces as if there were no black oxide surface treatment.   In other 
words, noting that 6i = 13.7 jjin. AA for the ground spur gears,  then 
the critical temperature, from Equation (50),  is 

cr 540 - 3.80 öi   =   488°F (96) 

and the coefficient of friction,  from Equations (56) and (57), is 

f =      (0.0755+ 0.00034 OiMWVs"1)"0,3 

0.0802 (WV8   3) T.-0.3 

i 
at WVs"3 <200 (97) 

0.0154+ 0.00007 6i = 0.0164 

atWVg'^aZOO (98) 

The quasi-steady surface temperature,   Ts« is given by Equa- 
tion (69),  which at Tj = 250° F    reads 

T8       =      Tj + C,<t>^80=   250 + 225<|>av80 (99) 

where 4>av is defined by Equation (72).    In estimating the value of C in 
Equation (99), the cascading oil is assumed to contribute negligibly 
toward the cooling of the gear meshing surfaces,  since this oil from 
the upper support bearings is immediately flung off as it falls on the 
top sides of the gears, and thus has little chance of entering the gear 
mesh.    Accordingly, at an oil jet flow rate of 0.28 gpm, Figure 25 
gives C = 150; and C = 1. 5 x 150 = 225 by Equation (74). 

: 
The calculation of <J>av by Equation (72) is straightforward 

since ^'(O is known from the computer program (App. H) from the 

133 



. ..,,_v^.'».-»«'wa!wi«!«>««*4«!a*i>; 

kinematic and static load analyses.    The numerical integration process 
to obtain 4>av is also written into the computer program.   However, to 
illustrate how this is done, a numerical example will be given in 
Appendix K. 

The maximum instantaneous surface temperature r^se, AT, is 
given by Equation (82), with ß taken as 42. 15 lb/8F-in.sec* (App. A). 
In other words, 

o.36i f w4 1/jöpS; -  /p3r:| 
AT      =        1 V f   F V  *Jtl (100) 

R4 

The maximum instantaneous surface temperature,   Tc, is then 

Tc   =     T8 + AT (101) 

Equations (97), (98),  (99).  (72), (100),  and (101) are then em- 
ployed to compute the instantaneous values of Tc in the gear mesh at 
different power levels.    The computer program is presented in 
Appendix H, along with a sample run at 600 hp.    The major computer 
results at 600 hp and several additional power levels are summarized 
in Table 8.   In this table,  P is the power transmitted; W is the normal 
tooth load,  which depends only on P; Tg is the quasi-steady surface 
temperature,  which depends only on P; AT is the maximum instan- 
taneous surface temperature rise somewhere in the gear mesh,   which 
depends on both P and mesh position; Tc is the maximum instanta- 
neous surface temperature,  which also depends on both P and mesh 
position; and the critical temperature is constant for the problem. 

It will be recalled from Equation (96) that TCr = 488° F in this 
case.    Thus,  from Table 8, the ideal scoring-limited power- 
transmitting capacity,  Pj, is expected to be between 900 and 1000 hp. 
A graphical way to determine the value of Pj is shown in Figure 31, 
by plotting the tabulated values of Tc vs.  P.    The intersection of this 
curve with Tcr = 488°F yields Pj equal to 957 hp for the ground spur 
gears. 

Ideal Scoring Power of Honed Spur Gears.     With the honed 
spur gears, the initial composite surface roughness, 6i,  is 15.8 jLtin. 
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TABLE 8.     IDEAL SPUR GEAR PERFORMANCE SUMMARY 

P.  hp        W, lb       <t)av.  Btu/sec    Ts.'F     AT. T       Tc.'F      Tcr. "F 

Ground gears (6i = 13.7 jjin. AA) 

600        2795.7 0.5763 394.7 18.6 413.4 488 
700         3261.7 0.6688 413.1 21.5 434.6 488 
800         3727.6 0.7631 431.2 24.2 455.5 488 
900        4193.6 0.8595 449. 3 26.7 476.0 488 

1000        4659.6 0.9583 467.5 28.8 496.3 488 

Honed gears (öj = 15. 8 uin. AA) 

600 2795.7 0. 6048 400.5 19.6 420,1 480 
700 3261.7 0.7018 419.5 22.6 44u. 1 480 
800 3727.6 0.8005 438.3 25.5 463.8 480 
900 4193.6 0.9015 457.1 28.0 485.1 480 

1000 4659.6 1.0052 475.9 30. 3 506.2 480 
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Figure 31,     Determination of ideal scoring power of 
ground and hoaed spur gears 
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AA.    Accordingly,  Equation (50) gives 

Tcr    =       540- 3.80 öi   =   480oF (102) 

and Equations (60) and (61) give 

f =       (0.0789 + 0.00034 6i)(WV8"T)'0,30 

0.0842    (WVs"1)"0,30 

i 
at WVS"3 <200 (103) 

f =       0.0161 + 0.00007 6i   =   0.0172 

i 
at WVS"3 *200 (104) 

It is clear that Equations (99). (100),  and (101) apply equally to this 
case, by noting that f will now be defined by Equations (103) and (104). 

Equations (99),   (72),  (100), (101),  (103),  and (104) are now em- 
ployed in the computer program in the same manner as in the preced- 
ing case.    A summary of the major computer results is presented in 
Table 8.    A plot of Tc vs.  P for this case is shown dashed in Figure 
31.    The ideal scoring-limited power-transmitting capacity,  Pi, is 
then equal to 873 hp for the honed spur gears. 

Actual Scoring Power of Ground Spur Gears.     In order to pre- 
dict the actual scoring-limited power-transmitting capacity,  it is 
necessary to estimate the misalignment factor, Sm,  and the dynamic 
factor,  Sd, and then apply Equation (67). 

In order to estimate Sm»  both the angular misalignment,   e, 
and the unit tangential tooth load,  wt,  are required.    The unit tangen- 
tial tooth load for any gear set is 
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- = w 
where   wt = unit tangential tooth load, ppi 

P = power transmitted, hp 

np = pinion speed, rpm 

d ~ pitch diameter of pinion, in. 

F = effective face width, in. 

For the ground gear sets, the average tooth misalignment,  e, 
was, as stated previously, estimated to be 0.00076 rad.  At Pi = 957 
hp, the unit tangential tooth load, wt, is (126050 x 957)/(8000 x 
3.6471 x 1.25)   =   3308 ppi.   Accordingly,  withe =  0. 00076 rad. and 
wt =   3308 ppi.  Figure 28 gives Sm =  0.80 by interpolation. 

To estimate the dynamic factor, it is assumed that Sd =  Kv2 
(Chap. VII, Sect. D).    The pitchline velocity is Vt =  7638 fpm.   At 
this Vt,  Figure 30 gives Sd = Kv2  =  0.68. 

Having thus estimated the values of Sm and Sd,  Equation (67) 
then gives a predicted actual scoring-limited power-transmitting 
capacity of 

PA    =     PlSmSd 

=     957 x 0.80 x 0.68 =  521 hp 

Ihis predicted PA may be compared with the experimentally 
determined PA given in Appendix F.   If the comparison is made with 
the average experimentally determined PA of >679 hp, then the pre- 
diction is at least 23 percent too low.   Such a comparison is, however, 
not correct because the average PA has no statistical meaning.    The 
proper basis of comparison should be the statistically deduced, 
experimentally determined PA of 507 hp.   On this basis, the predic- 
tion is seen to be only 3 percent too high. 

Actual Scoring Power of Honed Spur Gears.     As stated earlier, 
the average tooth misalignment for the honed spur gears was 0. 00084 
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rad.   At Pi =  873 hp,  wt  =  (126050 x 873)/(8000 x 3.6471 x 1.25)   = 
3017 ppi.   At e =  0. 00084 and wt =  3017 ppi,   Figure 28 gives Sm = 
0.78. 

Let it be assumed again that S4 = Kv2   =  0.68 at Vt =  7638 
fpm.    Then the predicted P^ is 

PA    =    873 x 0.78 x 0.68 = 463 hp 

Appendix F shows that the average experimentally determined 
PA is 606 hp,  and the statistically deduced,experimentally determined 
Pj^ is 425 hp.    As argued earlier, the proper basis of comparison is 
the statistically deduced P^ of 425 hp.    On this basis,  it is seen that 
the predicted PA is 9 percent too high. 

C. Helical Gear Test Program 

As mentioned earlier, the helical gear test program was not 
run.   However, a computer program for helical gears has been written 
(App. I), the basis for which will be explained. 

The test gears intended for the lest program were to be made of 
AISI 9310 CEVM steel,  carburized and surface-treated with a black 
oxide as shown in Table 9,  which also presents the design data.    The 
surface finish on both pinion and gear was specified to be 22 jiin. AA 
maximum.    If the gears were produced to this maximum surface finish, 
then, by Equation (B-4) in Appendix B, the initial composite surface 
roughness of a gear set would be öi =   3 (22 + 22)/4 =   33 jjin. AA. 

The test oil was to be Oil F, a MIL-L-7808G synthetic oil. 

The tests were to be run at a pinion speed of 5, 000 rpm,  with 
the pinion as the driver.    The corresponding pitchline velocity is 
5, 028 fpm.    The oil jet temperature was to be 190°F. 

Ideal Scoring Power of Helical Gears.      For reasons given in 
Chapter VII, the critical temperature,  Tcr, and the coefficient of fric- 
tion, f,  are herein assumed to be those of the plain surfaces, i.e. , 
surfaces as if no black oxide were present.    Therefore,  at the assumed 
value of 6i  =   33 ^lin. AA,   Equation (50) gives 

Tcr   =    540- 3.80 Öi   =   4150F (106) 
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TABLE 9.     HELICAL GEAR DESIGN DATA 

Pinion Gear 
(Driver) (Driven) 

Number of teeth 31 138 
Diametral pitch (normal plane),  in. -^ 8.5 8.5 
Pitch diameter,  in. 3. 841 3 17.6998 * 

Face width, in. 2.500 2.380 
Pressure angle (normal plane),   deg 22.0 22.0 
Outside diameter, in. 4.032 17.290 
Root diameter, in. 3. 528 16.786 
Mean circular tooth thickness (normal plane). in.   0.1782 0.1782 

Helix angle, deg 18.2966 18.2966 
Lead of helix, in. 36.5000 162.4681 
Hand of helix LH RH 

Start of tip modification,  deg    roll 26.88 25.18 
End of tip modification,  deg    roll 30.74 25.95 
Nominal slope of tip modification line, in. 0. 00008 0.00008 
Nominal slope of profile slope line, in. 0 0 
Nominal slope of tooth slope line,  in. 0 0 

Maximum allowable errors: 
Tooth to tooth spacing,  in. 0.0002 0.0003 
Accumulated spacing,  in. 0. 0006 0.0010 
Slope of tip modification line, in. ±0. 00008 ±0.00008 
Slope of profile slope line,  in. ±0. 0002 ±0.0002 
Slope of tooth slope line,  in. ±0.0015 ±0.0002 

Material and surface: 
Material, AISI 9310 9310 
Case thickness,  in. 0. 030-0.040 0.030-0.040 « 
Case hardness,  R. 60-63 60-63 
Core hardness, i^ 33-41 33-41 
Surface finish,  jxin. AA max. 22 22 

140 



To calculate the coefficient of friction, note that the direction 
of sliding in helical gears is not normal, but inclined, to the orienta- 
tion of the grinding grooves.   In this case, the helix angle of the gear 
set is 4< =  18.2966°, so the direction of sliding makes an angle of 
90 - 18.2966 =  71.7034° to the grinding grooves; and c ot (71. 7034°) = 
0. 33065.   An approximate way to account for this orientation effect is 
to interpolate between Equations (56) and (5/) for the cross-ground 
situation and Equations (54) and (55) for the circumferentially-ground 
situation.    The equations for f are then approximately 

f    =    [o. 0755 + 0.33065 (0.0920 - 0.0755) 

+ 0. 00034 Öi]   (WVa-*)"0,30 

=     (0.0810 + 0.00034 oiMWVs"1)"0,30 

0.0922 (WV8'
T)"0,30 

i 
at WV8"3 <200 (107) 

f    = 0.0154 + 0, 33065 (0.0188 - 0.0154) + 0.00007 Öj 

0.0165 + 0.00007 öi   =   0.0188 

at WV8"^ i200 (108) 

The quasi-steady surface temperature,  Ts,  is given by Equa- 
tion (69), thus: 

T8 =  Tj + C'^80 =  190 + 312. 5 c^80 (109) 

where (t>av is now defined by Equation (85).   In assigning the value of 
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C, it ia assumed that the oil jet flow rate is 0.60 gpm.   Then Figure 
25 gives C =  125, and Equation (76) yields C  = 2.5 x 125 =  312.5. 

The computation of ^av by Equation (85) is accomplished by the 
computer program (App. I) as explained in Chapter VII, Section E. 
A numerical example for this computation will be given in Appendix K. 

The maximum instantaneous surface temperature rise, AT, is 
given by Equation (87), with ß =  42.15 Ib/'F-in.sec?. 

The maximum instantaneous surface temperature,  Tc, is thus 
given by Equation (101). 

Equations (107), (108), (109).  (85), (87). and (101) are ther 
employed in the computer program to compute the instantaneous 
values of Tc at various points on various instantaneous lines of con- 
tact in the gear mesh,  at different power levels.    The computer pro- 
gram is presented in Appendix I, along with a sample run at 600 hp. 
The major computer results at 600 hp and several additional power 
levels are summarized in Table 10.    The symbols in Table 10 are 
defined the same way as in Table 9. except that AT and thus Tc are the 
maximas somewhere on one of the instantaneous lines of contact 
somewhere in the mesh. 

Figure 32 presents a plot of Tc vs.  P given in Table 10.   At 
the assumed Tj =  190oF, the figure yields a predicted ideal scoring- 
limited power-transmitting capacity.  Pi, of 1210 hp. 

As a matter of interest.  Figure 32 also shows the ideal per- 
furmance for an assumed Tj =  250°F, the same oil jet temperature 
at which the spur gears were tested.    For this case,  Equation (109) 
should be changed to read TB =  250 + 312. 5 <t>aV80. with all other 
equations remaining the same.    The corresponding performance is 
shown dashed in Figure 32, and the corresponding predicted Pi is 
796 hp. 

Actual ScorinR Power of Helical Gears.     In the absence of 
other specific information, let it be assumed that the gear misalign- 
ment is e =  0.001 rad.    The procedure for estimating the misalign- 
ment factor, Sm, of spur gears will be employed for helical gears 
as well.    The procedure will yield Sm =  0.68 for the case of Tj  = 
190oF,  andSm = 0.61 for the case of Tj =  250°F. 

In estimating the dynamic factor, Sd, it will be assumed, in 
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TABLE 10.     IDEAL HELICAL GEAR PERFORMANCE SUMMARY 

P, hp W, lb      <j>av.  Btu/sec    Ta.'F     AT.'F Ci ■cr» 

Tj = 190° F 

600 4471.4 0.2690 299.3 26.1 325.4 415 
700 5216.6 0.3115 312.9 27.9 340.8 415 
800 5961.9 0. 3541 326.2 29.7 355.9 415 
900 6707.1 0. 3973 339.3 31.3 370.6 415 

1000 7452.3 0.4404 352.2 32.8 385.0 415 
1100 8197.4 0.4835 364.7 34.3 399.0 415 
1200 8942.8 0.5265 377.1 36.6 413.6 415 
1300 9688.0 0. 5695 389.2 38.8 428.0 415 
1400 10433.2 0.6124 401.1 41.1 442.2 415 

Tj = 2508F 

600 4471.4 0.2690 359.3 26.1 385.4 415 
700 5216.6 0.3115 372.9 27.9 400.8 415 
800 5961.9 0. 3541 386.2 29.7 415.9 415 
900 6707.1 0.3973 399.3 31.3 430.6 415 

1000 7452.3 0.4404 412.2 32.8 445.0 415 
1100 8197.4 0.4835 424.7 34.3 459.0 415 
1200 8942. 8 0. 5265 437.1 36.6 473.6 415 
1300 9688.0 0.5965 449.2 38.8 488.0 415 
1400 10433.2 0.6124 461.1 41.1 500.2 415 
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the absence of other specific information, that 84 = Sdl for helical 
gearj.   At Vt =  5028 fpm.  Figure 30 gives Sd = Sdl  =  0.86. 

From Equation (67), the predicted actual scoring-limited 
power-transmitting capacity is thus PA =  708 hp for the case of Tj  = 
190oF,  and P = 418 hp for the case of Tj =  250oF.    The powerful 
influence of the oil jet temperature on scoring-limited power- 
transmitting capacity is clearly indicated. 

The quality of the above predictions is not known, since no 
tests were actually conducted. 

D. Spiral bevel Gear Test Program 

As mentioned earlier,  only one design of spiral bevel gears 
was tested.    The predicted performance and experimentally determined 
performance of these gears will now be compared. 

The spiral bevel gears in question were made of AISI 9310 
CEVM steel,  carburized and surface-treated with a black oxide as 
shown in Table 11,  which also presents the design data.   As in the case 
of the helical gears, the surface finish of the spiral bevel gears was 
specified to be 22 ßia. AA maximum.    Attempts were made to measure 
the actual surface roughness of these gears, but without success (App. 
G).   Accordingly, for the present estimating purposes, a surface 
finish of 22 ^in. AA on both pinion and gear is assumed.    The cor- 
responding initial composite surface roughness of the gear set is then 
61 =   3 (22 + 22)/4 =   33 jjin. AA by Equation (B-4) in Appendix B. 

The test oil was Oil F,  a MIL-L-7808G synthetic oil. 

The tests were conducted at a pinion speed of 4, 500 rpm,  with 
the pinion as the driver.    The corresponding pitrbline velocity is 
4, 241 fpm.    The oil jet temperature was 190°F.    The oil jet flow rate 
was 0. 45 gpm. 

Ideal Scoring Power of Spiral Bevel Gears.     For reasons 
given in Chapter VII, the critical temperature,   Tcri and the coefficient 
of friction, f, are assumed to be those of the plain surfaces,  i.e., 
surfaces as if no black oxide were present.    Consequently,  at the 
assumed valre of 6i =   33 ßin. AA,   Equation (50) gives 

Tcr   =   540-3.80öi   =   4150F (110) 
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TABLE 11.     SPIRAL BEVEL GEAF. DESIGN DATA 

Number of teeth 
Diametral pitch,  in. -1 
Pitch diameter,  in. 
Face width, in. 
Pressure angle, deg 
Outside diameter,  in. 
Mean circular tooth thickness,  in. 
Outer cone distance, in. 
Mean cone distance, in. 
Working depth,  in. 
Whole depth,  in. 
Addendum,  in. 
Dedendum, in. 
Pitch apex to crown, in. 
Outer normal top land, in. 
Mean normal top land, in. 
Inner normal top land, in. 
Outer normal backlash, in. 

Pitch angle,  deg 
Face angle to flank, deg 
Root angle,  deg 
Dedendum angle, deg 
Outer spiral angle,  deg 
Mean spiral angle,  deg 
Inner spiral angle, deg 
Hand of spiral 

Material, AISI 
Case thickness, in. 
Caee hardness, Re 
Core hardness,  Rc 

Surface finish,  ßin. AA max. 

Pinion Gear 
(Driver) (Driven) 

22 23 
6.111 6.111 
3.6000 3.7637 
0. 871 0.871 
22.5 22.5 

3.794 3.935 
0.213 0.208 
2.604 2.604 
2.171 2.171 
0.258 0.258 
0.289 0.289 
0.134 0.124 
0.155 0.165 
1.789 1.710 
0.073 0.058 
0.073 0. 077 
0.074 0.062 
0.004 0.006 

43.727 46.273 
46.244 48. 556 
41.444 43.756 
2.283 2.517 

44.835 44. 835 
35.000 35. 000 
25.990 25.990 

LH RH 

9310 9310 
0.030-0.040 0.030-0.040 

60-63 60-63 
33-41 33-41 

22 22 
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In calculating the coefficient of friction, f, it is noted that the 
mean spiral angle of the gear set is vj> =   35°.   Thus, the sliding 
motion makes an angle of 90 - 35 = 65* to the grinding grooves.   Thus, 
using the same procedure as for the helical gears, and noting that 
cot 65°  =  0. 70021, the approximate equations for f are 

f    =    [o.0755+ 070021 (0.0920 - 0.0755) 

+ 0. 00034 öi ] (WV8"V0- 30 

=     (0. 0871 + 0. 00034 6i) (WVs"1)"0, 30 

0.0983 (WV8'V
0,30 

atWVB"*<200 (HI) 

f    =       0.0154+ 0.70021 (0.0188 - 0.0154) + 0.00007öi 

0.0178+0.00007 6i   =   0.0201 (112) 

The quasi-steady surface temperature,  Ts, is again given by 
Equation (69),  so 

0.80 ,        0.80 
T8 =  Tj + C'^v      =  190 + 675«t»av (113) 

where  <j>av is defined by Equation (88).   In this case, at an oil jet flow 
rate of 0.45 gpm, C =  135 from Figure 25, and C = 5 x 135 =  675 
from Equation (77). 

The computation of $av hy Equation (88) is accomplished by the 
computer program (App. J),  as explained in Chapter VII, Section F. 
A numerical example of this computation will be given in Appendix K. 

The maximum instantaneous surface temperature rise, AT,  is 
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given by Equation (90),  with 0  =  42.1 5 Ib/T-in.-sec2. 

The maximum instantaneous surface temperature,  Tc, is given 
by Equation (101). 

Equations (111), (112),  (113),  (88),   (90), and (101) are then em- 
ployed in the computer program to compute the maximum instantaneous 
values of Tc through the mesh at different power levels.    The computer 
program is presented in Appendix J,  along with a sample run at 600 hp. 
The major computer results at 600 hp and several additional power 
levels are summarized in Table 12.    In this table, Wt is the tangential 
tooth load, and AT and Tc are the maximas on an instantaneous line of 
contact somewhere in the mesh. 

Figure 33 presents a plot of Tc vs.   P given in Table 12.    At 
Tj  =   190oF, the predicted ideal scoring-limited power-transmitting 
capacity is seen to be Pi = 627 hp. 

Figure 33 also presents a plot of Tc vs.  P for Tj  =  250oF.    By 
increasing Tj to 250°F,  it is seen that Pi is reduced to 420 hp. 

Actual Scoring Power of Spiral Bevel Gears.    In the absence of 
other specific information, the misalignment factor for the overhung 
spiral bevel gear set is taken as Sm       0. 70, in accordance with the 
recommendation made in Chapter VII,  Section F.    The pitchline veloc- 
ity is Vt =  4241 fpm.    Thus,  from Figure 30,  Sd  = Sdl  -  0.87. 

Applying Equation (67),  the predicted actual scoring-limited 
power-transmitting capacity is then 

PA   =   627 x 0.70 x 0.87  =   382 hp 

for the case of Tj  =  190oF.    From Appendix G, the average 
experimentally-determined PA at Tj  =  190oF is 367 hp, and the 
statistically deduced,  experimentally determined PA is 346 hp.    The 
latter value,  which is statistically more meaningful,  should be used 
as the basis for comparison.    It is seen that the predicted PA is 10 
percent too high. 

The predicted actual scoring-limited power-transmitting 
capacity of the same gears, if operated at an oil jet temperature of 
250° F,  is 

PA   =   420 x 0. 70 x 0. 87 = 256 hp 
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TABLE 12.     IDEAL SPIRAL BEVEL GEAR 
PERFORMANCE SUMMARY 

P, hp       Wt, lb       <t»av.  Btu/sec    T8.0F     AT, 0F       Tc,'F     Tcr.'F 

Tj = IWF 

300 2333.3 0.1013 298.1 20.5 318.7 415 
400 3111.1 0.1333 324.7 24.2 348.9 415 
500 3888. 8 0.1651 349.8 28.6 378.4 415 
600 4666.6 0.1975 374.4 32.8 407.3 415 
700 5444.3 0.2299 398.3 36.9 435.1 415 
800 6222.1 0.2623 421.4 40.7 462.1 415 

Tj = 250' 'F 

300 2333.3 0.1029 358.1 20.5 378.7 415 
400 3111.1 0.1353 384.7 24.2 408.9 415 
500 3888.8 0.1676 409.8 28.6 438.4 415 
600 4666.6 0.2005 434.4 32.8 467.3 415 
700 5444. 3 0.2334 458.3 36.9 495.1 415 
800 6222.1 0.2662 481.4 40.7 522.1 415 
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which is much lower than that predicted for Tj =  190aF.   However, 
no test data are available for comparison in this instance. 
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CHAPTER DC 
CONCLUSIONS AND RECOMMENDATIONS 

A. Conclusions 

A method has been devised for predicting the scoring potential 
and scoring-limited power-transmitting capacity of spur,  helical, and 
spiral bevel gears.    Computer programs for making such predictions 
for the three gear types have been written and are presented herein. 

In order to evaluate the quality of the predictions made,  full- 
scale scoring tests have been performed on typical aircraft-quality 
gears by Bell Helicopter Company, the subcontractor.    The predicted 
scoring-limited power-transmitting capacities have been found to be 
within 10 percent of the statistically deduced test results from two 
series of tests on spur gears and one series of tests on spiral bevel 
gears.   Helical gears were not tested in this program,   due to dif- 
ficulties encountered by the subcontractor in the scheduling of gear 
manufacturing and testing. 

The predictive scheme comprises basically two steps.    The 
first step involves the prediction of the ideal scoring-limited power- 
transmitting capacity,  assuming perfect tooth alignment and no dy- 
namic tooth load.    The probable, actual scoring-limited power- 
transmitting capacity is then deduced from the ideal scoring-limited 
power-transmitting capacity by applying corrections for the misalign- 
ment and dynamic effects. 

Due to the current lack of a fundamental understanding of the 
mechanism of scoring,  the thermal behavior involved,   and the detailed 
effects of gear mechanics,  a completely rational approach in gear 
scoring prediction is deemed impossible at this time.    On the other 
hand, a basically empirical procedure,   such as the current AGMA 
gear scoring design guide,3  leaves much to be desired.    The proposed 
scheme is accordingly in the nature of an engineering compromise, 
which recognizes the importance of the above-mentioned basic prob- 
lems but accepts certain approximations imposed by the current state 
of the art. 

The key assumption involved in the methodology presented 
herein is that the effects of tooth misalignment and dynamic tooth load 
can be isolated in the prediction of the ideal scoring-limited power- 
transmitting capacity,  and later separately accounted for in the 
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assessment of the actual scoring-limited power-transmitting capacity. 
Once this assumption is accepted, the entire predictive scheme is 
relatively straightforward; and the only tasks that remain are those of 
establishing the various functional relationships and the magnitudes of 
the several constants and coefficients involved. 

In the prediction of the ideal scoring-limited power-transmitting 
capacity, Blok's well-known critical temperature hypothesis^, 19,23 
has been modified in several respects, including quantitative descrip- 
tions of the critical temperature and the coefficient of tooth friction, 
based on data derived from steady-operating sliding-rolling disk tests. 
Perhaps the most important advance that has been made here is a 
technique for estimating the quasi-steady surface temperature of gears, 
which has been a totally neglected subject so far.    However,  due to a 
lack of information on the heat transfer behavior of gear systems, the 
quantitative magnitude of the constant C in Equation (69) had to be 
assigned rather arbitrarily. 

In the prediction of the actual scoring-limited power- 
transmitting capacity,  the major tasks have been assigning the quanti- 
tative magnitudes of the misalignment factor and dynamic factor.    The 
approach employed herein follows basically the AGMA procedure for 
rating the strength of gear teeth. ^-^   The numerical constants have 
been deduced from five sets of spur gear scoring test results made 
available to this program by AGMA. 

It goes without saying that the basic equations and particularly 
the numerical constants and coefficients used herein are tentative, 
since they were deduced from a rather limited data base.    Refine- 
ments or improvements are to be expected as additional disk and gear 
test results become available. 

B. Recommendations 

The mechanism of scoring has been a subject of serious re- 
search for almost 40 years,   since Blok published his first paper in 
1937.16   Any refinements on this hypothesis that have been introduced 
since that time have been relatively minor.    The general concept of 
a critical temperature for scoring can neither be defended nor be 
refuted on strictly theoretical ground.   It appears that further under- 
standing of the mechanism of scoring will require a fundamental 
approach backed up by detailed, combined theoretical analysis and 
sophisticated experimental observations. 
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Granting the tentative nature of the predictive scheme presented 
herein, the results clearly emphasize the importance of the thermal 
behavior of the gear system in affecting the quasi-steady gear surface 
temperature, and of the effects of misalignment and dynamic load on 
transient tooth action and hence on scoring.   A definitive understanding 
of these three facets of gear performance is sorely needed, either to 
improve the predictive methodology as proposed herein,  or hopefully 
to enable the development of a completely rational scheme of gear 
scoring prediction. 
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APPENDIX A 
PROPERTIES OF TEST STEEL AND TEST OILS 

Test Steel 

All test disks and test gears employed in this program were 
made of AISI 9310 CEVM steel, carburized to give a specified case 
thickness,  case hardness, and core hardness. 

The bulk properties of the AISI 9310 steel are taken as follows; 

 Quantity    Symbol    Unit Value Remarks 

Young's modulus E                   psi                 30xl06 

Poisson's ratio U                     -                   0. 30 

Equivalent Young's ^                                                       z      * 
modulus E                   psi                 33X106     E = E/(l - I^2) 

Density p 

Specific heat c 

Thermal conduc- 
tivity k             Ib/'F-sec           5.84 

Dlok's thermal i^                                           ± 
coefficient ß         Ib/T-in.seca     42.15          /3 = (p c k) a 

Test Oils 

Two synthetic aviation gas turbine lubricants,  a MIL-L-7808G 
lubricant herein designated as Oil F and a MIL-L-23699 lubricant 
herein designated as Oil E, were employed in the program.    Adequate 
quantities of these oils,  each from a single production batch,   were 
supplied for use in both the disk tests and the gear tests by the USAF 
Aero Propulsion Laboratory, under the code designations of 0-67-23 
for Oil F and 0-64-2 for Oil E. 

psi 33X 106 

lb/in.3 0.283 

in./'F 1075 
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The measured properties of these two oils at atmospheric 
pressure are as follows: 

Quantity 

Specification MIL-L- 

Density at 60° F 

Kin.  viscosity at lOO'F 

Kin. viscosity at 210oF 

Sp. ht.  at 300°F 

Th. cond.  at 300°F 

Neutralization no. 

Symbol 

P60 

Unit 

g/ml 

cs 

cs 

Btu/lb-0F 

Btu/ft-0F-sec 

mg KOH/g 

Oil F        Oil E 

3.23 

7808G     23699 

0.953      1.007 

13.4        27.5 

5.07 

0. 541       0. 541 

0.0841     0.0703 

0.2 0.2 

The oil properties at any temperature and pressure may be 
calculated by the following expressions: 

P      =     P60 - G(T " 60) 

loglog {U0 + 0.60) = A - B log (T + 460) 

Mo    =     »'oPo 

a. 

Moe 

K 

Tß 

ap 

where      T      =     temperature,  0F 

p      =     pressure,  psig 

p0    =     density at atmospheric pressure and temperature T, 
g/ml 

p,0 =     density at atmospheric pressure and 60oF,  g/ml 
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V0    =    kinematic viscosity at atmospheric pressure and 
temperature T, cs 

ß0   =    absolute viscosity at atmospheric pressure and 
temperature T,  cp 

ß      =    absolute viscosity at pressure p and temperature T, 
cp 

a      -     pressure-viscosity coefficient at pressure p and 
temperature T,  psi"^ 

OLQ    =    pressure-viscosity coefficient at atmospheric pres- 
sure and temperature T,  psi"1 

B, A, B,K,ß   =   fitting constants which are functions of the oil 
in question 

The various fitting constants to be used in the preceding 
equations are as follows: 

G x  104 A 

Oil F 3.94 11.75543 

Oil E 4.14 

B 

4.24477 

11.16683   3.99787 

K x 104 A 
12.717 0.566 

9.496        0.492 
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APPENDIX B 
COMPOSITE SURFACE ROUGHNESS 

Surface roughness has been found to have a significant effect 
on the lubrication-related failures. 9, 10, 24-26   in order to relate the 
lubrication and failure behaviors to surface roughness,   some way of 
quantitatively describing the "composite surface roughness" of two 
interacting surfaces is required.    The method employed herein is 
given below. 

Composite Surface Roughness of a Single Surface 

The composite surface roughness of a single surface is here- 
in defined as 

6   =   (6x + 6v)/2 (B-l) 

where   6       =     composite surface roughness of a single surface, 
ßin.  AA 

öx     =     surface roughness in one direction (usually the direc- 
tion of sliding/,   fxin. AA 

6V     =     surface roughness in the perpendicular direction, 
^lin.  AA 

Composite Surface Roughness of a Pair of Surfaces 

The composite surface roughness of a pair of interacting sur- 
faces is herein defined as 

Öc   =   Ö! +62 (B-2) 

where   6C     =     composite surface roughness of a pair of surfaces, 
jiin.  AA 

ö|     =     composite surface roughness of surface 1,  ßin. AA 

fi^     =     composite surface roughness of surface 2,  ßin, AA 
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Approximate Procedure 

In general, it is good practice to measure the surface rough- 
nesses of both surfaces in two directions, and then calculate the com- 
posite surface roughness of each surface by Equation (B-l) and that 
of the pair by Equation (B-2).   However,  in many practical cases, the 
surface roughness is usually measured in only one direction.   In such 
cases, the surface roughness in the normal direction has to be as- 
sumed. 

With ground surfaces, it has been found from measurements 
on both the test disks and test gears, as well as a large volume of 
additional data on hand in the authors' laboratory,  that the ratio of the 
surface roughness across the grinding marks to that in the direction 
of grinding is generally quite close to 2.    In other words, if Ox is the 
surface roughness across the grinding marks,  then 6« - ox/2 with 
good approximation.    It then follows from Equation (B-l) that 

Ö - 3öx/4 (B-3) 

and from Equation (B-2) that 

6c - 3(6x1 + 6x2)/4 (B-4) 

With honed surfaces, Öx and 6y are usually nearly equal.    Thus 

ö»6x (B-5) 

and 

6C - 6x + öy (B-6) 
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APPENDIX C 
ELASTOHYDRODYNAMIC FILM THICKNESS 

As explained in Chapter II,  Section C,   EHD film thickness 
calculations will not be given emphasis in this report.    However, as 
a matter of general interest, the procedure for such calculations 
will be given below. 

Sliding-Rolling Disks 

The minimunn oil film thickness developed by EHD action in a 
flooded,  elliptic conjunction of perfectly smooth surfaces,  in steady 
operation,   is given by Equation (5) and repeated below: 

^  0.54.     v .0. 70D0. 43 .    . 
i                        ao         (MoVt           R         *s*t 

hm   =   26.5  ~ ^-i — (C-l) 
0. 13   * 0.03 

w E 

i 
where   hj^   =     minimum oil film thickness,juin. 

a0    -     pressure-viscosity coefficient of oil at conjunction- 
inlet temperature and near-atmospheric pressure, 
psi"1 

H0    =     absolute viscosity of oil at conjunction-inlet tempera- 
ture and near-atmospheric pressure,   cp 

* 
E      =     equivalent Young's modulus of material,  psi 

R = equivalent radius of curvature at the conjunction,  in. 

w = unit normal load,  ppi 

Vj. = sum velocity,  ips 

(j)g = side flow correction factor 

4)f = inlet-shear thermal correction factor 

In EHD oil film thickness analysis,   the controlling oil proper- 
ties are those prevalent at the conjunction inlet,  i.e. ,   at the 
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conjunction-inlet oil temperature,  TQ, and near-atmospheric pres- 
sure.   If To is known, the appropriate values of oto and Ho may be 
calculated, as recommended in Appendix A. 

In general,  TQ is higher than the oil jet temperature,  Tj, and 
lower than the quasi-steady surface temperature,  TB.    For a sliding- 
rolling disk system in steady operation,  TQ can easily be measured 
by means of a thermocouple.   In case TQ is not  known, then it may be 
estimated, as shown in Chapter VI, Section E, as follows: 

0.80 
T0 - Tj   =   Co* (C-2) 

where   Co   =   a fitting constant, and * =   frictional power loss,  Btu/ 
sec. 

For sliding-rolling disks, Co may be estimated as given in 
Chapter VI, Section E; and * is given by 

<t>   =   fWVB/9336 (C-3) 

where * = frictional power loss,  Btu/sec 

f = coefficient of friction 

W = normal load, lb 

Vg = sliding velocity, ips 

The values of R,  w, <j>s, and $t may be obtained by the proce- 
dure outlined by Cheng. 37 

Gears 

To compute hm at any point in a gear mesh,  the effect of gear 
mechanics on quantities entering Equation (C-l) must be taken into 
account.    This matter is considered in Chapters in,  IV, and V for 
spur, helical, and spiral bevel gears,  respectively. 

In order to estimate To for gears, it should be recognized that 
* in Equation (C-2) varies cyclically through a mesh cycle.    Thus 
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Equation (C-2) should be modified to read 

,    0.80 
To - Tj   =   Co<t>av (C-4) 

where (^av   =  average frictional power loss,  Btu/sec,  and CQ   =   O.TOC1 

by applying Equation (66).    The estimation of C1 and the calculation of 
«^av for gears are given in Chapter VII, Section B. 

EHD Film Thickness Ratio 

As explained in Chapter II,  Section C,  there is at present no 
viable way to account for the effect of surface roughness and surface 
texture on the EHD film thickness.    However,  an empirical parameter 
is often used in practice to indicate, in a very approximate way, 
whether or not the operation is in the EHD regime,  or how deeply the 
operation is in the boundary lubrication regime.    This parameter is 
defined as 

jSL (C-6) 
Or 

where   A      =   EHD film thickness ratio 

hm   =   minimum oil film thickness,   ßin.,  as given by Equation 
(C-l) 

6c    s   composite surface roughness of a pair of surfaces, as 
given in Appendix B. 
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APPENDIX D 
SUMMARY OF DISK TEST DATA 

Test Equipment 

The basic equipment employed in the work reported herein is 
the Caterpillar disk tester,  0 which has,  however, been rather sub- 
stantially modified in the authors1 laboratory.  ^    This tester employs 
two identical test disks of 3 in. diameter and 14 in. crown radius, 
whose material and surface characteristics may be varied.    Crowned 
disks are used to minimize misalignment problems. 

Figure D-l shows the general arrangement of the test disks and 
some major instrumentation used.    The two test disks are mounted 
on parallel shafts and a normal load, W, is applied between them. 
The lower shaft is driven by a variable-speed hydraulic motor through 
pulleys and timing belt.    The upper shaft is driven off the lower shaft 
by means of one of several sets of phase gears of different speed 
ratios.    The surface velocities of the two disks are Vi and Vz, thus 
the sliding velocity is V8 = Vi  - V2, the sum velocity is Vt = Vi + V2. 
and the sliding-to-sum velocity ratio is M = Vs/Vt. 

The test oil, at temperature Tj, is jetted toward the center of 
the conjunction in the center plane of the disks.    The disks are cooled 
largely by impinging jets of the test oil supplied by a horn which en- 
velopes halves of the disks.    The oil pressure is maintained at 40 
psig, and the total oil flow rate is approximately 20 gpm.    The oil 
temperature at the conjunction inlet.  To,  is measured by a thermo- 
cauple probe placed in the center plane of the disks,  0.250 in. ahead 
of the conjunction center,  and riding with a slight pressure on one of 
the disks.    The quasi-steady surface temperature of the disks,  T8, is 
estimated from T0 by means of a relationship established by a sepa- 
rate calibration employing thermocouples embedded in the disks and 
operating the disks with Vi,  V2,  W,  Tj and the oil systematically 
varied. 

The upper shaft of the Caterpillar tester is so instrumented 
that the reaction torque on this shaft can be measured.    The disk 
friction torque,  Tf,  is then the difference between the reaction torque 
and the machine-loss torque, the latter being due principally to 
losses in the upper-shaft support bearings.    The machine-loss torque 
is derived from a separate calibration involving operating the disks 
in both normal and reverse directions of rotation with the same 
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Figure D-l. Arrangement of test disks and instrumentation 
for SwRI disk tester A 
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Vj, V2, W, T; and oil; and with these variables varied systemati- 
cally.    The disk coefficient of friction is simply f = Tf/rW, where 
r = 1.5 in. is the disk radius. 

The occurrence of metallic contact between the disks is ob- 
served by the instantaneous contact resistance technique.    With 
straight mineral oils,   reduction of the contact resistance to near 
zero is a good indication of metallic contact and usually of scoring 
when the test conditions are such that scoring occurs.    With reactive 
oils,  the contact resistance often collapses only partially due to the 
presence of a reactive surface film,  so that the technique provides 
no reliable indication of asperity contact.    A slight but abrupt in- 
crease in the reaction torque is usually the best indication of scoring 
under these circumstances.    In all cases, actual scoring is always 
verified by visual examination. 

Test Disks 

The test disks employed in this program were all fabricated 
b;, the Bell Helicopter Company.    They were all 3 in. in diameter and 
had a crown radius of 14 in.    They were made of AISI 9310 CEVM 
steel,  carburized to give a case thickness of 0.045-0.053 in., a case 
hardness as given in Table D-l, and a core hardness of 36-41 Rc. 

As shown in Table D-l,   10 different types of test disks were 
used,  consisting of 5 types of surface finishes and 2 types of surface 
treatments.    The "plain" disks were not surface-treated,  i.e., they 
were as ground or honed.    The "oxided" disks were surface-treated 
with a black oxide after grinding or honing.    The black oxide was 
applied in accordance with BHC Specification BPSFW 4084, to a nomi- 
nal thickness of "less than 100 jjin."   However, measurements made 
at SwRI showed virtually no effect on the surface roughness by the 
black oxide treatment.    The symbol 6i denotes the initial composite 
surface roughness of the disk pairs. 

Disk Test Program 

The 10 types of disks were tested with 2 test oils,  over a 
range of sliding and sum velocities to be detailed later.    Most of the 
tests were conducted at an oil jet temperature of 190°F,  with some 
at 140oF.    As shown in Table D-2,  187 tests were performed,   160 of 
which resulted in scoring failure. 
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TABLE D-l.     AVERAGE PROPERTIES OF TEST DISK PAIRS 

Disk 
type 

Surface 
finish 

1 
1A 

Soft circ. ground 
Soft circ. ground 

3 
3A 

Rough circ. ground 
Rough circ. ground 

5 
5A 

Honed 
Honed 

7 
7A 

Rough cross ground 
Rough cross ground 

9 
9A 

Smooth circ. ground 
Smooth circ. ground 

Surface 
treatment 

Plain 
Oxided 

Plain 
Oxided 

Plain 
Oxided 

Plain 
Oxided 

Plain 
Oxided 

Case hardness, 

58* 1 
58* 1 

62 * 1 
62 * 1 

62 ± 1 
62* 1 

62 * 1 
62 * 1 

62 * 1 
62* 1 

wi» 

/lin. AA 

26 * 2 
26 * 2 

24* 2 
24* 2 

5. 5* 1 
5. 5* 1 

23.5* 1 
23.5* 1 

9.5* 1 
9. 5* 1 
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TABLE D-2.     NUMBER OF DISK TESTS PERFORMED 
AND SCORED 

Oil TJ. Disk No. of tests Disk No. of tests 
code •F type Total Scored type Total Scored 

F 190 1 5 5 1A 5 5 

F 190 3 65 58 3A 24 20 
140 3 - - 3A 7 7 

F 190 5 3 3 5A 5 4 

F 190 7 6 6 7A 4 3 

F 190 9 _3 _2 9A _6 _5 

Total for Oil F 82 74 51_ 44 

E 190 3 1 1 3A 12 12 
140 3 - - 3A 6 6 

£ 190 5 3 3 6A 8 5 

E 190 7 4 3 7A 2 0 
140 7 2 2 7A - - 

E 190 9 _6 _4 9A 10. _6 

Total for Oil E 16 11 38 Ü 

Grand total 98 87 89 73 
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Note further from Table D-2 that the number of tests per- 
formed with Oil F was 82 with plain disks and 51 with oxided disks, 
or a total of 133.   The number of tests performed with Oil £ was 16 
with plain disks and 38 with oxided disks, or a total of 54.   Viewed 
in another way, 98 tests were performed with the plain disks, while 
89 tests were performed with the oxided disks. 

Further,  most of the tests were performed with Types 3 and 
3A disks (a total of 109 tests for both oils),  mainly du- to the cus- 
tomary use of circumferentially-ground disks in disk testing and also 
cost considerations.   As it turned out,  it was found that,  at about 
the same initial composite surface roughness (Table D-l),  Types 
7 and 7A disks gave substantially different results from Types 3 and 
3A disks (Chap. VI).    Since spur gears generally slide normal to the 
grinding marks,  and the helical and spiral bevel gears approximate 
this condition, it would have been more desirable to run more tests 
with the cross-ground disks.    Unfortunately, this could not be done 
in the program,  as the disks had to be ordered and fabricated in 
advance,  and the program could not be modified by the time this 
effect was noted. 

Disk Test Procedure 

The test disks were examined for nicks,  scratches,   rust 
spots,  etc.,  and wiped dry; after which they were inspected for case 
hardness and transverse and circumferential surface roughnesses. 
Then they were covered with a straight mineral oil and placed in 
storage.    Just prior to testing,  they were cleaned with trisolvent, 
wiped dry with a clean cloth,  and assembled on the shafts to check 
the runout. 

The break-in of the test disks was performed using the de- 
sired test oil at Tj = 90oF, V8 = 23.6 ips, and Vt = 70. 8 ips.    The 
load schedule comprised 4 equal increments of 500 lb of 1 5 min 
duration each, which gave a maximum break-in load of 2000 lb. 
This break-in procedure was used regardless of the test conditions 
to be employed later.    Following the break-in, the disks were re- 
moved from the shafts for inspection and surface roughness measure- 
ment,  and then reinstalled for subsequent testing. 

The testing was performed using the desired Tj at an initial 
load of 70 lb,  with Vs and Vt brought up to the desired values.    Sub- 
sequent to this, the load was increased in equal increments of 35 lb 
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of 3 min duration each, until scoring failure occurred or until the 
machine capacity (about 6000 lb) was reached.    Upon conclusion of 
the test,  the disks were removed for inspection and surface rough- 
ness measurement. 

When changing from an oil to one of another type,  the follow- 
ing procedure was used:   The used test oil was first drained from 
the system.    The system was flushed completely with a clean tri- 
solvent (equal parts of reagent grade acetone,  benzene,  and isopropyl 
alchohol),  which was drained and discarded.    This was followed by 
two more flushings with the clean solvent.    The system was then 
charged with new test oil.    This oil was circulated for 30 min,  then 
drained and discarded.   A second charge of test oil was handled 
likewise.    After this oil was drained,  the sump was filled with its 
normal charge of test oil.    When testing for extended periods with 
the same oil,   samples were periodically drawn and checked for vis- 
cosity and neutralization number changes, and the oil was replaced 
as necessary by draining and one flushing with new oil.    The criteria 
for oil change were a viscosity increase of 5 percent, or a neutrali- 
zatior. increase of 0.2 mg KOH/g.    These conditions were,  however, 
never reached in the tests reported herein. 

The surface roughnesses of the disks were measured at the 
end of each break-in and also at the end of each test, from which the 
corresponding composite surface roughnesses of the disk pairs were 
calculated by the procedure given in Appendix B.    For the break-in 
and test procedures used herein,  it was found that the composite sur- 
face roughness of the disk pairs was generally reduced about 20 per- 
cent after break-in and about 30 percent after test."« 2"    These 
values did not vary much when all tests were taken as a whole. 
Therefore,  for the sake of brevity,  these composite surface rough- 
ness values are not included in the data tabulation in this report. 

Summary of Disk Test Results 

The summaries of all disk test results are given in Tables 
D-3 to D-23.    Each table presents the conditions reached at scoring 
in each test for a given test disk and test oil combination,  at a given 
test oil jet temperature.    Replicate tests were run in most cases, 
sometimes to as many as 5 to 6 tests. 

The nomenclature and symbols used in these tables have 
mostly been introduced earlier,  and also given in the List of Symbols 
at the end of this report.    The only necessary explanations are given 
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below. 

The "mode" of scoring failure is identified as follows:   The 
symbol "CR" represents that scoring was detected by a collapse of 
the instantaneous contact resistance and subsequently verified by 
visual inspection.    The symbol "TO" represents that scoring was 
detected by a torque increase and subsequently verified by visual 
inspection.    The symbol "PS" represents premature scoring,  i. e., 
scoring occurring during the first load step (W   =   70 lb) and in most 
instances before the conditions stabilized.    The symbol "No" repre- 
sents that no scoring was obtained at the reported highest load,  at 
which time the test was terminated. 

Except as noted below, the quantities W, f, TQ, and Ts  are 
measured quantities.    The quantity AT was computed by Equation (3) 
in Chapter II,  by using Kelley's equivalent unit load ^ 8 since the test 
disks are crowned.    Tc is as defined by Equation (1) in Chapter II. 

The minimum oil film thickness,   hm,  was computed by 
Equation (C-l) in Appendix C,  by taking ^g^t =   !•   The EHD film 
thickness ratio, A,  was calculated by Equation (C-5) in Appendix C, 
based on hm as computed above and the composite surface roughness 
of each disk pair at the end of the test. 

For each set of replicate tests,  the scoring load or the highest 
test load,  W,  for each test is tabulated.    The average scoring load, 
Avg.  W, for the replicate tests is given immediately below the tabu- 
lated values of W. 

For each set of replicate tests,  the conjunction temperature, 
Tc,  for each test at scoring is tabulated.    The critical temperature, 
Tcr,  is computed by Weibull analysis from the individual values of 
Tc for the replicate tests, at 10-percent probability.    This Tcr value 
is given immediately below the tabulated Tc values.    The values 
given in the parenthesis immediately after the Tcr value are the lower 
and upper limits of Tcr at 90-percent confidence. 

In performing the Weibull analysis,  all Tc values for the 
prematurely scored tests were treated as if these tests actually 
scored at the initial load of 70 lb,  and the coefficient of friction at 
scoring was estimated from the f vs. W history of the other tests in 
the same set.    From these f and W values,  the approximate values of 
TQ,  Ts,  AT,  and Tc were computed.    For tests with no scoring, the 
tabulated values of Tc were treated as suspensions, and included in 
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the Weibull analysis. 

These results are discussed in Chapter VI, along with other 
available data. 
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APPENDIX E 
ANALYSIS OF AGMA SPUR GEAR TEST DATA 

As an aid to evaluating the scoring-limited performance of 
typical aerospace power gears,  13 sets of full-scale spur gear scoring 
test results,  collected by the Tribilogy Division,  AGMA Aerospace 
Gearing Committee,  were supplied to this program.    Only five sets of 
such data,  from tests employing AISI 9310 steel gears and MIL-I.-7808 
or MIL-L-23699 oils that went far enough to reach scoring, were 
analyzed and made use of herein. 

A brief description of the five test series selected for analysis 
is given in Table E-l.    Note that Series Al, A2,  and A3 were identical 
except for the surface roughness of the test gears.    Other than Series 
B, all tests were performed at an oil jet temperature of 200oF at an 
unreported oil flow rate, and the gear surface temperature was not 
measured.    Series B was performed at an unreported oil jet tempera- 
ture with the oil flow rate varied but not reported; however, the gear 
surface temperature was measured and reported. 

The tests were generally performed under the stated conditions 
by progressively increasing applied load (Series Al, A2, A3, and C) 
or by progressively decreasing the oil flow rate (Series B), until 
scoring was obtained. 

Basis of AGMA Reported Data 

The AGMA test results are reported in form of computer 
printouts for each test,  listing,  among other items,  the values of the 
maximum conjunction-surface temperature rise,   AT, vs. the roll 
angle, based on the AGMA gear scoring design guide.^    This AT 
herein designated as AT(AGMA) for clarity,  is given for 21 values of 
roll angle through the mesh,  and also for the pitch point and for the 
lowest and highest points of single tooth contact.    The equation for 
AT(AGMA) is,  by simple algebraic manipulation of the expression 
given in the AGMA design guide. 

AT (AGMA) = 0.017 5 
50 \ w* Ijefr -   JW g 

50-SI R4 
(E-l) 
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TABLE E-l.     DESCRIPTION OF AGMA SPUR GEAR TESTS 

Series Series Series Series Series 
Al A2 A3 B C 

Test gear material, AISI 

Driver (pinion): 
Np, no. of teeth 
d, pitch diameter,  in. 
S',   surface finish, ^in. AA 

Driven (gears): 
Ng, no.  of teeth 
D,  pitch diameter,  in. 
S1,  surface finish, ßin. AA 

Other gear characteristics: 
4),  pressure angle,  deg 
F,  effective face width,  in. 
mc,  contact ratio 

Test oil, MIL-L- 

9310     9310      9310     9310     9310 

30    30    30    28    32 
6.000 6.000 6.000 5.600 2.28<'. 

8    20    25    10    12 

30    30    30    39    64 
6.000 6.000 6.000 7.800 4.572 

9    20    27    10    12 

25 25 25 25    20 
0.500 0.500 0.500 1.550 0.250 
1.47 1.47 1.47 1.48  1.78 

7808D 7808D 7808D 78083   23699 

Test conditions: 
np, driver speed,   rpm 
ng,  driven speed,   rpm 
Vt, pitchline velocity, fpm 
Tj,  oil jet temperature,   0F 
Oil flow rate,  gpm 

3660 3660 3660 3247 20000 
3660 3660 3660 2311 10000 
5749 5749 5749 4760 11948 
200 200 200 _ 200 
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where the various quantities are defined in the List of Symbols.    Note 
that S = surface roughness in the profile direction (after break-in), 
ßin.   rms. 

The critical temperature hypothesis (Chap. II,  Sect.  B) states 
that 

Tc = Ts + AT (E-2) 

and that scoring occurs when Tc reaches the critical temperature, 
Tcr.  for the metal-oil combination concerned.    Thus, the AGMA 
design guide gives 

Tcr(AGMA) = Ts(AGMA) + AT(AGMA) (E-3) 

where   Tcr(AGMA) - Tcr by the AGMA procedure,   0F 

TS(AGMA) = "initial temperature, " 0F ("may be oil inlet") 

AT(AGMA) = as defined by Equation (E-l) 

Note that in the AGMA design guide,  AT(AGMA) is calculated 
from the actual scoring-limited power, and as such it includes the 
effects of gear-tooth misalignment and dynamic load.    Since thesa 
effects vary for different gear sets and for different operating con- 
ditions,  the AT(AGMA) thus computed as well as the resulting 
Tcr(AGMA) are not basic quantities.    This is one of the reasons for 
introducing in Chapter VII the concept of the ideal scoring-limited 
power-transmitting capacity,  to which corrections are applied for 
misalignment and dynamic load in order to arrive at the actual scoring- 
limited power-transmitting capacity. 

Another source of error in the AGMA design guide is the as- 
sumption that TS(AGMA) may be taken as the oil inlet temperature,Tj. 
This has not been found to be true as discussed in Chapters VI and 
VII. 

Finally,  the AT(AGMA) equation,  i.e..   Equation (E-l),  entails 
certain assumptions principally related to the coefficient of friction. 
This matter will now be examined. 
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Comparison of AGMA and True AT 

As derived by Blok (Chap. II,  Sect.   B),  the basic equation for 
AT is 

AT 
i.ii fw |/vi- yvr| 

(E-4) 

For spur gears, it can be «mown that 

B (32 wR/ffE)a 

Vj    =     27rppnp/60 

y2   =    2irpgng/60 

where all the quantities are defined in the List of Symbols. 

Substituting the above expressions into Equation (E-4), and 
taking E  =   33 x  10° psi,  one obtains 

AT 15.23 fw^lTp^-p-   VgjÜgl 
ßR 

(E-5) 

Accordingly,  if Equation (E-l) were to be equal to Equation 
(E-5), then the coefficient of friction implicit in Equation (E-l) must 
conform to 

0.0175 50 
50-S 

15.23    f(AGMA) 
ß 

Taking/3 = 42.15 Ib/T-in.-sec^, then 

f(AGMA)   =   0.04843 50 
50-S 

(E-6) 
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which is equivalent to assuming that f(AGMA) = 0. 060 at S -   10 ^in. 
rms. 

The value of f(AGMA) as given by Equation {E-6) is, in general, 
much higher than the value of f derived from the sliding-rolling disk 
tests (Chap. VI,  Sect.  C).    Their ratio is, from Equation {E-6), 

20.66 f {1 - 0.02S) (E-7) 
f{AGMA) 

and consequently 

A1 =   20.65 f (1 - 0.02S) (E-8) 
AT(AGMA) 

where f is, in general,  a variable depending upon the metal-oil com- 
bination and operating conditions.    Since f is usually lower than 
f(AGMA), it follows from Equation (E-8) that the true AT must be 
smaller than AT(AGMA). 

Calculation of Ts 

As mentioned earlier, the AGMA design procedure does not 
provide a specific guideline for assigning the value of Ts«    In practical 
gear scoring analysis,   either Ts is taken as Tj as implied by the 
AGMA design guide,  or else some sort of estimate must be made. 

In calculating Ts,  use will be made of the method outlined in 
Chapter VII, Section B,  i.e.,  by the relation 

Ts " Tj   =   C*^80 (E-9) 

where  <|)av    =    average frictional power loss,  Btu/sec 

C       =    a fitting constant for gear systems 

The selection of C and the calculation of 4>av were discussed in Chapter 
VII,  Section B. 
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Conversion of AGMA Test Data 

In order to obtain the values of Ts.  AT, and Tc for the AGMA 
tests, one alternative is to assign appropriate values of f and C andto 
calculate the values of ^av by a computer program.    However, inas- 
much as the AGMA computer printouts have already furnished key 
numerical results on the basis of the AGMA procedure, these results 
can readily be converted without using a computer.    This latter alter- 
native is explained below for the Series Al tests. 

Composite Surface Roughness.     From Table E-l,  the surface 
roughnesses of the pinion and gear in the profile direction for Series 
Al are 8 and 9 ^lin. AA,   respectively.    Thus,  by Equation (B-4) in 
Appendix B, the initial composite surface roughness of the pinion and 
gear surfaces is 

6i   =   3 (8+ ?)/4   =   12.8 ^iin. AA 

Coefficient of Friction.     It was shown in Chapter VI,  Section C, 
that f is a function of WVs-3, but that f is nearly constant when WV8-1 
is greater than 200.    For the sake of convenience, this constant value 
of f is used in the present data conversion.    For AISI 9 310 steel gears 
and MIL-L-7808 oil (Oil F),  this is, by Equation (57) 

f   =   0.0154 + 0.00007 öi   =   0.0163 

Average Friction Power Loss.     The average frictional power 
loss is given by Equation (72) as follows: 

<t>av   =     [l JVU)d€ Np 

ifo (E-10) 

where  <|)av     =    average frictional power loss,  Btu/sec 

(j)1        =    fWVs/9336,   Btu/sec 

Np      =    number of pinion teeth 

In this conversipn process,  f is taken as constant; thus ()>av 
becomes a function of J d (WV8) only.    Accordingly, the values of W 
and Vs can be readily deduced from the AGMA printouts and plotted vs. 
the roll angle.    The areas under the curve for the single and double 
tooth contact regions are then measured by means of a planimeter. 
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Applying the above equation and with proper units, then for Series Al 

4>av  =   0.001 324 P 

where   P   =   power transmitted,  hp. 

Quasi-Steady Surface Temperature.     The quantity (Tg - Tj) is 
then computed from Equation (E-9) by taking C   =   173.    This is equiv- 
alent to assuming that the oil flow rate jetted toward the gear mesh is 
1. 0 gpm.    At this flow rate, C   =   115 from Figure 25; and applying 
Equation (74), C   =   1.5 x  115   =   173.   In other words, 

0. 80 
Ts " Tj   -   173 <^av 

Since     Tj   =   200oF for Series Al, then 

Tg  =   200+ 173 4)av80 

Conjunction Surface Temperature Rise.     The quantity AT is 
given by Equation (E-8),  where S is expressed in ßin.  rms by the 
AGMA procedure.   In these tests,  S' in ßia. AA was given.    By taking 
S   =   0. 9S', then Equation (E-8) becomes 

 ^1     =   20. 65 f (1 - 0. O^S') 
AT(AGMA) 

For Series Al, S'   =   (8 + 9)/2   =   8. 5 jiin. AA, and f   =   0.0163 as 
given earlier.   Thus 

AT   =   0.285 AT(AGMA) 
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Critical Scoring Point.     The AT o^ special interest in gear 
scoring analysis is that which has the highest value in the mesh cycle. 
The AGMA computer printouts tabulate all AT(AGMA) values vs. the 
roll angle,  and the highest AT(AGMA) values are attained approxi- 
mately midway on the recess portion of double tooth contact.    These 
values are therefore extracted from the AGMA computer printouts, 
and the revised AT is calculated by the preceding equation. 

Revised Data for AGMA Tests 

Series Al.     Using the above procedure, the revised data for 
Series Al at critical scoring point are calculated, and are tabulated in 
Table E-2.    Note that scoring first occurred in Test 87 at 362 hp.    At 
this power level,  Ts = 2960F,   AT = 38° F, and Tc = ^340F.    By the 
AGMA rationale, the critical temperature would have to be 334°F. 
Yet,  from Equation (50), the true critical temperature in this case 
is 

Tcr   =   540 - 3.80 6i   =   4910F 

Thus assuming no tooth misalignment and dynamic tooth load,  the 
ideal scoring-limited power-transmitting capacity must be considerably 
greater than 362 hp.    An estimate for the ideal power-transmitting 
capacity for this case will be given later.    It is only necessary to em- 
phasize here that the difference between the actual and ideal power- 
transmitting capacity must be due to misalignment and dynamic effects. 

Series A2. Series A2 differs from Series Al only in that the 
test gears have rougher surfaces. Following the same procedure as 
illustrated above, the revised data for Series A2 tests are presented 
in Table E-3. Scoring first occurred in Test 118 at 209 hp, at which 
time Ts = 2650F, AT = 280F, and Tc = 2930F. Yet, the true critical 
temperature in this case is 

Tcr   =   540 - 3.80 6i   =   4260F 

which is considerably higher than 293° F. 

Series A3.     Series A3 differs from Series Al and A2 in that 
the test gears have even rougher surface. .    Following the same pro- 
cedure as illustrated above,  the revised data for Series A3 tests are 
given in Table E-4.    Scoring first occurred in Test 110 at 170 hp, at 
which time Ta = 257 0F,  AT = 260F, and Tc = 2830F.    The true criti- 
cal temperature in this case is 
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TABLE E-2.     REVISED DATA FOR SERIES Al TESTS 

Test P. ^av. TJ. T8, AT(AGMA), AT, Tc. 
no. hp Btu/sec "F »F •F •F •F Remarks 

82 329 0.4356 200 289 125 36 325 
96 348 0.4608 200 293 131 37 330 
92 355 0.4700 200 294 133 38 332 

101 361 0.4780 200 295 135 38 333 
87 362 0.4793 200 296 135 38 334 Scored 
80 377 0.4991 200 299 139 40 339 Scored 

102 384 0. 5084 200 300 141 40 340 
97 391 0.5177 200 302 143 41 343 

106 393 0.5203 200 302 143 41 343 Scored 
107 436 0.5773 200 311 155 44 355 Scored 
103 438 0. 5799 200 312 155 44 356 Scored 
104 465 0.6157 200 317 163 46 363 Scored 
105 474 0.6276 200 319 165 47 366 Scored 

Conversion equations 

öi       = 3 (8 + 9)/4   =   12.8/nin. AA 

f = 0.0154+0.00007 01   =   0.0163 

<t>av     = 0.001324 P 

Ts 

AT      = 20. 65f (1 - 0. O^S^AHAGMA) 

= 0.285 AT(AGMA) 

Tcr    = 540 - 3.80 Öi   =   4910F 

0.80 
=    Tj+173<t>av 
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TABLE E-3.     REVISED DATA FOR SERIES A2 TESTS 

Test P. «^av. TJ' Ts. AT(AGMA), AT, Tc, 
no. 

193 

Btu/sec 

0.2794 

0F 

200 

0F 

261 

0F 0F 

27 288 

Remarks 

115 117 
113 201 0.2858 200 263 120 27 290 
118 209 0.2972 200 265 123 28 293 Scored 
119 223 0.3171 200 269 130 30 299 Scored 
116 232 0. 3299 200 271 134 31 301 
120 239 0. 3399 200 273 136 31 304 Scored 
114 270 0.3839 200 280 150 35 315 Scored 
117 271 0. 3854 200 280 150 35 315 Scored 

Conversion equations 

6i        =    3 (20 + 20)/4   =   30.0^in. AA 

f =    0.0154 + 0.00007 6i   =   0.0175 

<t)av 

Ts 

AT 

cr 

=    0.001422 P 

0. 80 
=    Tj + 173<t>av 

=    20. 65 f (1  - 0. O^S') AT(AGMA) 

=    0.231 AT(AGMA) 

540 - 3.80 öj   =   4260F 
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TABLE E-4.     REVISED DATA FOR SERIES A3 TESTS 

Test P. ^av. Tj. Ts, AT(AGMA), AT, Tc. 
no. hp Btu/sec 0F 0F 0F 0F 0F Remarks 

110 170 0.2501 200 257 132 26 283 Scored 
111 199 0.2927 200 265 149 30 295 Scored 
108 207 0.3045 200 267 153 30 297 Scored 
109 207 0.3045 200 267 153 30 297 Scored 
112 217 0.3192 200 269 159 32 301 Scored 

Conversion equations 

Öi        =    3(25+27)/4  =   39.0 ^lin. AA 

f =    0.0154+0.00007 6i   =   0.0181 

Ts 

AT 

=    0.001471 P 

0.80 
=    TJ+ 173<t>av 

=    20. 65 f (1 - 0.018 5') AT(AGMA) 

=    0.199 AT(AGMA) 

.'cr    =    540 - 3.80 öi   =   392^ 
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Tcr   =   540 - 3.80 Öi   =   3920F 

which is again considerably higher than 2830F. 

Series B.     Series B tests were conducted at 3 different power 
levels,  with the oil flow rate reduced to approach scoring.    Neither 
the oil jet temperature nor the oil flow rate was reported.    However, 
Ts was measured and reported.    Since Ts is known in this case, all 
that is needed is to revise the AT,  in order to obtain Tc.    The revised 
results are presented in Table £-5. 

Note that scoring occurred in Test 272 at 516 hp, at which time 
Ts = 402oF,  AT = 20oF, and Tc = 4220F; and also in Test 273 at 688 
hp,  Ts = 409^,  AT = 240F,  and Tc = 4330F.    The true critical tem- 
perature in this case is 

Tcr   =   540 - 3.80 öi   =   4830F 

which is considerably higher than either 4220F or 4330F. 

The quantity (|)av i8 not required in the data conversion, but it 
will be required in the estimate of the ideal scoring-limited power- 
transmitting capacity.    This quantity is thus also fpmished in Table 
E-5. 

Series C.     Series C was conducted with A IS I 9310 steel gears 
and MIL-L-23699 oil (Oil E), in a similar manner as Series Al, A2, 
and A3.    Hence a similar data conversion process may be used. 

It was noted in Chapter VI, Section B, that the coefficient of 
friction for AISI 9310 steel disks was nearly the same with Oil £ and 
Oil F,  thus the same f equation is used in this case as before.    The 
other data manipulations require no further comments.    The revised 
results are presented in Table £-6. 

Note that scoring first occurred in Test 10 at 254 hp,   Ts 
261 0F,   AT = 38^,  and Tc = 2990F.    This is considerably lower than 
the true critical temperature for this metal-oil combination,which, 
from Equation (52), is 

Tcr   =   515 - 3.80 öi   =   4470F 
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TABLE E-5.     REVISED DATA FOR SERIES B TESTS 

Test P. +av» TJ. Ts. AT(AGMA), AT, Tc. 
no. hp Bta/sec 0F •F 0F •F 0F Remarks 

265 344 0.4259 171 52 15 186 
268 344 0.4259 — 280 52 15 295 
271 344 0. 4259 — 398 52 15 413 
266 516 0.6388 — 171 70 20 191 
269 516 0. 6388 — 305 70 20 325 
272 516 0.6388 — 402 70 20 422 Scored 
267 688 0.8517 — 187 87 24 211 
264 688 0.8517 — 195 87 24 219 
270 688 0.8517 — 303 87 24 327 
273 688 0.8517 — 409 87 24 433 Scored 

Conversion equations 

Öi        =    3(10 + 10)/4=   15. O^in. AA 

f =    0.0154 + 0.00007 öi   =   0.0165 

^av 

AT 

=    0. 001238 P 

=    measured 

cr 

20. 65 £ (1 - 0. 018S1) AT(AGMA) 

0. 279 AT(AGMA) 

540 - 3.80 04   =   483° F 
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TABLE E-6.     REVISED DATA FOR SERIES C TESTS 

Test P. 4>av Tr Tg. AT{AGMA). AT, Tc. 
no. 

63 

Btu/sec 

0. 0673 200 

•F 

220 

•F »F 

14 

0F 

234 

Remarks 

1 50 
4 190 0.2031 200 248 114 31 279 
7 222 0.2373 200 255 128 35 290 

10 254 0.2715 200 261 141 38 299 Scored 
13 286 0. 3057 200 267 154 42 309 Scored 
16 317 0. 3389 200 273 167 45 318 Scored 
18 349 0.3731 200 278 179 48 326 Scored 
20 381 0.4073 200 284 191 52 336 Scored 

Conversion equations 

6i        =3 (12 + 12)/4   =   18.0 ^lin.  AA 

f =    0.0154+0.00007 01   =   0.0167 

=    0.001069P 

0.80 
=    Tj + 173«|»a;

0 

=    20. 65 f (1 - 0. OUS') AT{AGMA) 

=    0.270 AT(AGMA) 

•cr    =    515 - 3.80öi   =   447°F 

«t'av 

Ts 

AT 
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Estimation of Ideal Scoring-Limited Power Capacity 

As defined in Chapter VII,  Section A, the ideal scoring-limitea 
power-transmitting capacity,  Pi,  of a set of gears is that for the ideal 
case in the absence of tooth misalignment and dynamic load.    This 
quantity may be predicted for the cases examined by the computer,  as 
explained in Chapter VII,  Section B.    However,  it can also be done by 
relatively simple calculations as illustrated below. 

Series Al.     At constant speed and constant Tj,  Table E-2 
gives 

0.80 
Ts    =   200+  173<|)av 

Table E-2 also gives Tcr = 491 "F.    Thus the general expression for 
AT is 

0.80 
AT   =   491  - Ts   =   291  -   173<t>av (E-ll) 

Now,  at constant speed and constant f.   Equation (E-5) states 
that AT must also be proportional to w0, 75 or P"' 75.    Take Test 87 in 
Table E-2,   AT = 380F at P = 362 hp.    Thus 

/px 0.75 
AT   =   38 (^) (E-12) 

By the critical temperature hypothesis,   scoring would occur 
vvhen AT from Equation (E-ll) equals AT from Equation iE-12).    To 
obtain this AT,  the two AT curves from the two above equations may 
be easily calculated,  and plotted vs.  P.    The intersection of these 
two curves then gives Pj on the abscissa  and   the corresponding AT 
on the ordinate.    From Equation (E-ll),   the corresponding Ts is 
simply Ts = 491  - AT. 

Using the above procedure,  it can be shown that,  tor Series Al 
conditions, 

Pj    =     973 hp 

AT   =       80oF 
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Ts   =    411'F 

These results are tabulated in Table E-7, along with other pertinent 
data. 

Series A2, A3, and C.     An identical procedure may be used 
for these test series.   The results obtained are presented in Table 
E-7 for comparison. 

Series B.     Series B requires a different treatment,  since Tj 
in this case is not known.   It is proposed to estimate the ideal per- 
formance for this case at two assumed values of Tj, and examine the 
results. 

Consider Test 272 in Table E-5,  which scored at 516 hp, at 
measured Tg = 402°F.   The value of Tj is not known.   Moreover, 
scoring was obtained by reducing the oil flow rate, which is also not 
known.   In the absence of such information,  let it first be assumed 
that Tj = 200sF.    This then permits an estimate for the value of C* in 
Equation (E-10), thus: 

C     =    {T8 - Tj)y42; 80 
av 

=     (402 - 200)/(0.6388)0,80   =   289.1 

Then under the assumed conditions 

0.80 
Ts - 200   =   289.1 4>av 

Since Tcr    =     483°F, therefore 

0.80 
AT   =   483 - T8   =   283 -289.1 <|>av (E-13) 

The other AT expression is 

p \ 0.75 

\5l(>) 
AT   =   20   (rrrl (E-14) 
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TABLE E-7.     COMPARISON OF ACTUAL AND IDEAL 
PERFORMANCE 

Series B           Series B Series Series Series Series 
(Test 272)        (Test 273)            Al A2 A3 C 

Case I Case n Casein Case IV (Test 87)( Test USHTest 110)( Test 10) 

öj, fiin.     15.0    15.0      15.0      15.0 12.8 30.0 39.0 18.0 

Tj, 0F        200       250        200        250           200 200 200 200 

Vt, fpm    4760    4760      4760      4760 5749 5749 5749 31968 

f              0.0165 0.0165 0.0165 0.0165 0.0163 0.0175 0.0181 0.0167 

Actual Performance 

Ts. "F 402 402 409 409 296 265 257 261 

AT, 0F 20 20 24 24 38 28 26 38 

Tc. 0F 422 422 433 433 334 293 283 299 

PA, hp 516 516 688 688 362 209 170 254 

Ideal Performance 

Ts. 0F      458 456 454        453 

AT, 0F       25 27 29          30 

Tcr, 0F   483 483 483        483 

Pi, hp       700 756 879        933 

Comparison 

PA/Pl     0.74 0.68 0.78 0.74         0.37         0.32           0.34         0.31 

411 361 334 355 

80 65 58 92 

491 426 392 447 

973 644 496 821 
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Solving Equations (E-13) and (£-14) simultaneously as before, 
one obtains 

Pj    =    700 hp 

AT   =       250F 

T8    =     4580F 

These values are tabulated in Table £-7 as Case I. 

For Case II,  it is assumed that T;   =   250eF.   In that case 

C1    =    (402 - 250)/(0.6388)0,80   =   217.5 

Thus,  similar to the above, 

AT   =   483 - T8   =   233 - 217.5<|>av80 (E-15) 

and Equation (£-14) remains applicable in this case. 

Solving Equations (£-14) and (£-15) simultaneously as before, 
then 

Pj = 756 hp 

AT = 27° F 

T8    =     4560F 

as tabulated in Table £-7 as Case II. 

Note from Table £-5 that scoring was also obtained in Test 273 
at 688 hp, at measured Ts = 409oF.    By similar calculations, the ideal 
performance based on Test 273 at Tj = 200°F and 250°F can also be 
estimated.    These results are presented in Table £-7 as Case III and 
Case IV,   respectively. 

Comparison of Actual and Ideal Performance 

Table £-7 compares the actual performance with the ideal 
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performance for the 5 test series examined.    A quantity of key interest 
is the ratio of the actual to ideal scoring-limited power-transmitting 
capacity,  PA/^I»  

which is given on the last line of the table. 

Note for Series B that the value of P/^/Pi for Cases I, II,  III, 
and IV,  based upon two different tests each with two assumed T; 
values,  do not vary greatly.    The average of this ratio for Series B is 
0. 74; the standard deviation is 0. 04,  or only 5. 5 percent. 

As defined in Chapter VII,  Section A,  the fact that PA/PI is 
less than unity is due to the effects of tooth misalignment and dynamic 
load.    The deduced data so far do not directly provide an indication of 
the relative contributions of the misalignment and dynamic effects. 
However,  the influence of dynamic effect is unmistakenly reflected by 
the steady decrease of PA/PI in Table E-7 as the pitchline velocity, 
Vt,  is increased.    An attempt to separate the misalignment and 
dynamic effects is presented in Chapter VII,  Section C. 
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APPENDIX F 
SUMMARY OF SPUR GEAR TEST DATA 

The spur gear test program consisted of replicate testsonfive 
sets of ground spur gears and five sets of honed spur gears of same 
design and material, tested for scoring at the same speed and oil jet 
temperature.    These tests were performed at BHC under subcontract 
to SwRI.    BHC Report 299-097-005,  "Results of Gear Tooth Scoring 
Investigation Conducted on 31 x 76 Spur Gears" by R.   Battles,  R.  T 
Jenkins, and C.  E.  Braddock, dated October 24,  1974, was submitted 
to SwRI on December 2,  1974.   Copies of the full report are on file at 
USAAMRDL,  BHC, and SwRI.    The following is an abstract of the 
report,  plus analysis and interpretations made by SwRI personnel. 

Test Gears 

A description of the spur gears is given in Table 7 in Chapter 
VIII, Section B.    Briefly, the pinion had 31 teeth, a pitch diameter of 
3.4671 in.,  and a face width of 1. 375 in.; and the gear had 76 teeth,  a 
pitch diameter of 8.9412 in., and a face width of 1.250 in.    The diame- 
tral pitch was 8. 5 in.~1, and the pressure angle was 22. 0°.    The 
gears were made of AISI 9310 CEVM steel,  carburized to a case thick- 
ness of 0. 030-0. 040 in., a case hardness of 60-63 Re, and a core 
hardness of 33-41 Re—essentially the same as the test disks employed 
in the disk test program (App. D). 

. 

The surface finishes of the gears were originally specified as 
about 17 jjin. AA for the ground gears and about 7 ßin. AA for the 
honed gears.    However, the gears as received from the vendor were 
found to be considerably smoother.   In order to expedite the test 
program, five sets of ground spur gears as received were selected for 
the spur gear test program, and the remaining five sets were rehoned 
at BHC. 

The surface finishes of all pinions and gears were measured by 
BHC in both profile and lead directions before break-in,  after break- 
in, and after test termination.    These measurements were made on 
two teeth by three instruments at different times; but not by the same 
instrument at all times.    In order to facilitate comparisons on the 
same basis, the reported measurements by BHC were converted to 
one instrument base by a constant multiplier.    The revised initial 
surface roughness values for the gears are presented in Table F-l. 
The revised surface roughness values after break-in are presented in 
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TABLE F-l.     INITIAL SURFACE ROUGHNESS OF SPUR GEARS 

Test Pinion, gin. AA  Gear,  gin. AA 6i,  ßm. AA 
no.    Profile Lead Composite   Profile Lead Composite   (Pinion 8t gear) 

Ground gears 

Gl 10.1 4.5 7.3 7.6 4.2 5.9 13.2 

G2 9.7 3.5 6.6 9.0 3.2 6.1 12.7 

G3 8.8 4.9 6.9 8.8 2.8 5.3 12.7 

G4 9.8 4.2 7.0 9.1 5.6 7.4 14.4 

G5 9.8 3.9 6.9 9.8 7.7 8.7 15.6 

Avg. 9.6 4.2 6.9 8.9 4.7 6.8 13.7 

Honed gears 

HI 6.8      7.0 6.9 9.0      10.0 9.5 16.4 

H2 7.0     6.5 6.8 8.5        9.0 8.8 15.6 

H3 7.0      7.5 7.3 8.5        8.0 8.3 15.6 

17.2 

14.2 

Avg.       7.0     6.9 7.0 8.6        9.0 8.8 15.8 

H4 7.0 7.3 7.2 9.5 10.5 10.0 

H5 7.0 6.3 6.7 7.5 7.5 7.5 
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Table F-2.    Surface roughness values after test termination,  being 
generally very high and erratic and not pertinent to this study, are not 
presented herein. 

In Tables F-l and F-2, the test numbers with prefix "G" refer 
to the ground gear sets,  while those with prefix "H" refer to the honed 
gear sets.    Each tabulated surface roughness value in the profile or 
lead direction is the revised value of the average of the two readings 

• taken on the two teeth.    The composite surface roughness of either the 
pinion or gear is calculated by using Equation (B-l) in Appendix B. 
The composite surface roughness of the gear set is then calculated by 
using Equation (B-Z). 

.- 
Referring now to the data for the ground gears shown in Table 

F-l,  it will be noted thatuhe initial composite surface roughness of the 
gear set,  6i, varied from 12.7 ßin. AA to 15.6 ^in. AA,  with an 
average of 1 3. 7 ^iin. AA.    Note further that the ratio of surface rough- 
ness in the profile direction to that in the lead direction is fairly close 
to 2,  which is characteristic of most ground surfaces (App.   B).    The 
initial composite surface roughness, 6i,  of the honed gear sets varied 
from 14. 2 ßia. AA to 17.2 ^in. AA,  with an average of 1 5. 8 ^lin. AA. 

Table F-2 shows similar surface roughness data after break-in. 
Note that the break-in process reduced the average composite surface 
roughness of the ground gear sets by about 21 percent and that of the 
honed gear sets by about 27 percent — generally in line with the trends 
previously reported for sliding-rolling disks.   ^ 

Test Oil 

The test oil used was Oil F, the same MIL-L-7808G oil used 
in the disk test program (App.  D). 

Test Equipment 

A 4-square regenerative test rig shown in Figure F-l was used 
in testing.   Note that the test gears were mounted on vertical shafts, 
with the gear as the driver.    In addition to the conventional measure- 
ments of gear speed,  f^ear torque, and oil jet temperature,  tempera- 
ture measurements were also made on the test pinion by means of four 
weldeo thermocouples at locations shown in Figure F-2. 

Dimensional inspection of the test section housing,  support 
bearings,  and bearing retainers revealed a basic rig misalignment of 
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TABLE F-2.     SURFACE ROUGHNESS OF SPUR GEARS 
AFTER BREAK-IN 

Test Pinion,   uin. AA  Gear, jjin. AA öi, ^tin. AA 
no.    Profile Lead Composite   Profile Lead Composite   (Pinion & gear) 

Ground gears 

Gl        7.0 5.0 6.0 5.6 5.0 5.3 11.3 

G2        6.0 3.2 4.6 5.6 2.8 4.2 8.8 

G3        6.7 4.2 5.5 8.3 5.6 7.0 12.5 

11.9 

9.6 

10.8 

Honed gears 

G4 7.4 4.2 5.8 8.7 3.5 6.1 

G5 5.6 2.5 4.1 6.3 4.6 5.5 

Avg. 6.5 3.8 5.2 6.9 4.3 5.6 

HI 5.0 5.5 5.3 4.5 6.8 5.7 11.0 

H2 5.3 5.5 5.4 5.5 6.5 6.0 11.4 

H3 4.8 6.5 5.7 7.0 8.0 7.5 13.2 

H4 2.5 5.0 3.8 6.5 7.0 6.8 10.6 

H5 4.8 5,5 5.2 6.0 6.8 6.4 11.6 

Avg. 4.5 5.6 5.1 5.9 7.0 6.5 11.6 
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Figure F-l.     Schematic of spur gear test rig 
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UP IN TEST RIG 

Figure F-2.     Thermocouple locations on spur gear pinion 
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0. 0007 rad. between the pinion and gear, with the lower end of the 
tooth (the S/N end,  Fig. F-2) being the more heavily loaded than the 
upper end. 

It was also found that the pinions and gears themselves had 
some lead errors.   An attempt was made to match the pinion and gear 
in each set to compensate for the lead errors as much as possible. 
The net lead errors on the five sets of ground gears averaged 0. 00006 
rad.    The net lead errors on the five sets of honed gears averaged 
0. 00014 rad.    The variations from these average values from one 
matched set to another was less than 0. 00008 rad.  standard deviation. 

The total misalignment of the gear teeth is the sum of the mis- 
alignments in the test rig and the gear sets.    The total misalignment 
thus averaged 0. 00076 rad. for the ground gear sets, and 0. 00084 rad. 
for the honed gear sets. 

Test Procedure 

The gear sets were broken in by the following schedule:   First, 
at an oil jet temperature of 120oF and a pinion speed of 4, 385 rpm 
(55% of test spe-d),  each gear set was operated for 30 min. at each of 
four load levels,  viz.,   500,   1000,   1500,  and 2000 ppi.    The oil jet 
temperature was then raised to 190oF,  and each gear set was operated 
for 30 min.  at each of two load levels,  viz.,  1000 and 2000 ppi. 

The scoring test was conducted at an oil jet temperature of 
250oF and a pinion speed of 7,992 rpm.    The tooth load was increase^ 
from an initial value of 1000 ppi,  in 150-ppi steps of 10 min.  each, 
until either scoring was obtained or the test rig capacity (2950 ppi) 
was reached.    After each load step, the rig was stopped and a visual 
inspection made to detect scoring.    Following the inspection,  the previ- 
ous load step was repeated before proceeding to the next load step. 

The test gears were lubricated by cascading oil and by an oil 
jet directed into the gear mesh.    During the scoring test sequence,  the 
oil jet temperature was ZSOT and the flow rate was 0.28 gpm.    Neither 
the temperature nor the flow rate of the cascading oil was measured. 
However, the cascading oil temperature was estimated by BHC to be 
close to 250oF,  since the oil was drawn from the same heated reser- 
voir as that supplied to the oil jet.    The cascading oil flow rate was 
estimated by BHC to be about 2-3 times the oil jet flow rate,  or about 
2. 5 x 0.28 = 0.7 gpm. 
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Scoring-Limited Power-Transmitting Capacity 

The test results on the 10 spur gear sets are summarized in 
Table F-3. 

With the ground gears, two of the tests did not result in scoring 
at the maximum rig capacity of 791 hp.    The average scoring power 
was therefore in excess of 679 hp by an unknown margin.    A statisti- 
cally more meaningful scoring power,  deduced from Weibull analysis 
at ' 0-percent scoring probability,  is 507 hp,  and its 90-perceut con- 
fidence limits are 334 and 770 hp. 

With the honed gears,  all 5 tests produced scoring.    The aver- 
age scoring power was 606 hp.   A statistically more meaningful scoring 
power,  deduced from Weibull analysis at 10-percent scoring probability, 
is 425 hp, and its 90-percent confidence limits are 270 and 688 hp. 

It is interesting to note that the ground gears were smoother than 
the honed gears, hence the ground gears would be expected to score at 
a higher power level than the honed gears.    This trend is indeed re- 
flected by both the average and statistically-deduced scoring power. 
However, the statistically-deduced values are more meaningful.    The 
poor confidence limits were due to the inherent scatter of the scoring 
phenomenon and the very few tests performed. 

Pinion Surface Temperature 

The pinion surface temperature was measured by means of 
welded thermocouples at four locations as shown in Figure F-2.    The 
readings at scoring or at test termination (i.e.,  at 791 hp) are pre- 
sented in Table F-3.    Note that the temperature at the upper end of the 
pinion was much lower than that at the lower end.   Much of this dif- 
ference was of course due to the effect of tooth misalignment discussed 
earlier,  which placed less load on the upper end of the gear teeth than 
on the lower end.    The other reason might be that the cascading oil, 
which must go through the cooler upper support bearing,  was actually 
at a lower temperature than 250°F as it hit the upper gear surfaces, 
and became heated as it progressed downward.    On the other hand, 
temperature measurements of this kind are difficult to make at best; 
and it is suspected that all reported pinion surface temperature read- 
ings are probably on the low side.    There is presently no realistic way 
to evaluate the overall flow and heat transfer effects being encountered. 
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TABLE F-3.     SUMMARY OF SPUR GEAR TEST RESULTS 

Scoring   Scoring   Scoring Pinion surface temperature,   "F 
Test     load,       torque,    power. Upper end Lower end 
no.       ppi in.-lb hp        Tooth tip Tooth root Toothtip Tooth root 

Ground gears 

Gl        2050 10622 

G2     >2950      > 15285       >791 

G3        2650 13731 

G4       2050 10622 

G5    >2950      >15285      >79l >237        >251 >270        >271 

550 219 234 285 278 

791 >227 >245 >269 >264 

711 235 246 280 275 

550 231 244 256 255 

Honed gears 

HI 2800 14508 751 

H2 2500 12954 671 

H3 1900 9845 510 

H4 2350 12176 630 

H5 1750 9067 469 

245 240 

236 245 

237 239 

246 251 

228 235 

300 285 

312 299 

278 - 

283 282 

263 267 
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APPENDIX G 
SUMMARY OF SPIRAL BEVEL GEAR TEST DATA 

The spiral bevel gear test program consisted of five replicate 
tests on a specific design of spiral bevel gears.  BHC Report 299-097- 
004,  "Results of Gear Tooth Scoring Investigation Conducted on 22 x 23 
Spiral Bevel Gears" by R.  Battles,  R.  T.  Jenkins, and C. E.  Braddock, 
dated June 27,  1974,  was submitted to SwRI on October 31,  1974. 
Copies of the full report are on file at USAAMRDL,  BHC, and SwRI. 
The following is an abstract of the report,  plus analysis and interpre- 
tations made by SwRI personnel. 

Test Gears 

A description of the spiral bevel gears tested in this program is 
given in Table 11 in Chapter VIII, Section D.    Briefly, the pinion had 
22 teeth,  a pitch diameter of 3. 6000 in., and a face width of 0. 866 in.; 
and the gear had 2 3 teeth, a pitch diameter of 3. 7637 in., and a face 
width of 0.866 in.    The diametral pitch was 6. Ill in.-l , the pressure 
angle was 22. 58,  and the spiral angle was 35.0°.    The gears were 
made of AISI 9310 CEVM steel,  carburized to a case thickness of 
0. 030-0. 040 in. ,  a case hardness of 60-63 Re,  and a core hardness of 
33-41 Re—essentially the same as the test disks employed in the disk 
test program (App.  D). 

The surface finish of the gears was specified as 22 fxin. AA 
maximum.    Attempts were made at BHC to measure the surface rough- 
nesses of the pinions and gears; but without success.    Therefore, no 
surface roughness readings were reported. 

Test Oil 

The test oil used was Oil F, the same MIL-L-7808G oil used in 
the disk test program (App. D). 

Test Equipment 

A standard transmission test stand available at BHC was modi- 
fied for use in testing.   As shown in Figure G-l, an electric motor 
was connected to a variable-speed magnetic coupling driving a speed- 
up gearbox,  which drove the test gears via a slave transmission.    To 
simplify the operation of the test stand, the main rotor mast was 
removed, and a water brake was used for power absorption. 
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Figure G-l.     Schematic of spiral bevel gear test rig 
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The test gears were installed in an overhung mounting with 
each gear supported by a duplex ball bearing and a roller bearing. 
The pinion was the driver. 

In addition to the conventional measurements of gear speed, 
gear torque, and oil jet temperature, temperature measurements 
were also made on the test pinion by means of five imbedded or welded 
thermocouples at locations shown in Figure G-2. 

No information on possible test gear misalignment was 
available. 

Test Procedure 

The gear sets were broken in by the following schedule:   First, 
at an oil jet temperature of 120° F and a pinion speed of 2,700 rpm 
(60% of test speed),  each gear set was operated for 30 min. at each 
of three load levels,   viz.,   517,  1035, and 1551 ppi.    The oil jet tem- 
perature was then raised to 190oF,  and each gear set was operated 
for 30 min.  at each of two load levels,  viz.,   1035 and 2070 ppi. 

The scoring test was conducted at an oil jet temperature of 
190oF and a pinion speed of 4, 500 rpm.    The tooth load was increased 
from an initial value of 2070 ppi,  in 207-ppi steps of 10 min. each, 
until scoring was obtained.   After each load step, the rig was stopped 
for visual inspection of scoring.    Following the inspection, the previ- 
ous load step was repeated before proceeding to the next load step. 

The test gears were lubricated by cascading oil and by an oil 
jet directed into the mesh.    During the scoring test sequence, the oil 
jet temperature was 190oF and the flow rate was 0.45 gpm.   Neither 
the temperature nor the flow rate of the cascading oil was measured. 
However,  as in the case of spur gear tests (App. F),  it is estimated 
that the cascading oil temperature was close to 190oF and the flow rate 
was probably on the order of 1.1 gpm. 

Scoring-Limited Power-Transmitting Capacity 

Six tests were run on the spiral bevel gears.    However,  one 
test was aborted because the test oil pump was inadvertently not turned 
on.    The results of the five remaining valid tests are summarized in 
Table G-l.    The average scoring power was 367 hp.    A statistically 
more meaningful scoring power,  derived from Weibull analysis at 10- 
percent scoring probability, is 346 hp,  and its 90-percent confidence 
limits are 320 and 374 hp. 
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Figure G-2, Thermocouple locations on spiral 
bevel gear pinion 
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TABLE G-l.     SUMMARY OF SPIRAL BEVEL GEAR 
TEST RESULTS 

Scoring Scoring Scoring              Pinion surface Pinion blank 
Test load, torque, power,  temperature,   "F  temperature,"F 
no. ppi in.-lb       hp       Toothtip Tooth root Top land Web       Hub 

1 4140       5222 357            200            187              - 169        185 

2 4347       5483 374               -               190*            _ _ _ 

3 4554       5744 392 - 213* 220 

4 4140      5222 357              -              224*          275 - - 

5 4140      5222 357              -              217            235 - - 

*   Average of readings from three equally spaced thermocouples 
in position 3 (Fig.   G-2). 
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Pinion Surface and Blank Temperatures 

The pinion surface temperature was measured by means of 
imbedded or welded thermocouples at three locations showu in Figure 
G-2.    The temperatures reached at scoring are presented in Table 
G-l.   In Tests 2,   3,  and 4, the reported temperatures at the tooth root 
were the averages of readings from three equally-spaced thermocouples 
in position 3 shown in Figure G-2.   The individual thermocouple read- 
ings in each case differed from the reported average by about ±10aF. 
Note that the tooth tip and top land temperatures wera generally higher 
than the tooth root temperature,  due apparently to the fact that the 
spiral bevel gear teeth were not modified and therefore carried more 
load at the tooth tip. 

The pinion blank temperature was measured by means of im- 
bedded thermocouples at two locations shown in Figure G-2.   As seen 
in Table G-l, only one set of pinion blank temperatures was   taken 
(Test 1).   Note that the blank temperature was considerably lower than 
the surface temperature,  and is therefore not a realistic quantity to use 
in critical temperature calculations. 
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APPENDIX H 
SPUR GEAR COMPUTER PROGRAM 

Program Goal 

This program evaluates the scoring potential of spur gears. 
Pertinent gear data are entered into the program, and data relating to 
contact geometry,  tooth contact loads,  friction,  instantaneous surface 
temperature,  and instantaneous frictional power loss are determined 
for approximately 21 points in the mesh.    Contact loads are determined 
from quasi-static conditions,   considering the effect of tooth deflections 
by Walker's method.50-52    A dynamic factor by Tuplin's method^ is 
also calculated. 

Program Language and Computer Type 

The program is written in FORTRAN IV leinguage for aCDC 6000 
Series computer,  using RUN compiler and SCOPE 3.4 system. 

Input Cards 

There are 11 data cards per set of data.    Up to 4 additional 
cards may be used to study the effect of modifications other than the 
designed profile modification. 

Data are entered according to the gear's function,  driver or 
driven, instead of the more common but less descriptive appellation 
of pinion and gear. 

Input data are entered on each card.    In most cases up to 10 
characters may be entered.    All data are in inches unless noted other- 
wise.    Card data and necessary explanations follow: 

Word       Column Symbol  Description  

Input Card 1 

1 1-5 KARC Use:   0 - if Columns 61 through 80 on 
Card 4 and Columns 1 through 20 on 
Card 5 are arc tooth thickness 

1  - if Columns 61 through 80 on 
Card 4 and Columns 1 through 20 on 
Card 5 are chordal tooth thickness 
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Word       Column        Symbol Description 

Input Card 2       (PRELIMINARY INPUT DATA) 

1 1-10 ANP Number of driver teeth 

2 11-20 ANG Number of driven teeth 

3 21-30 BP Thermal constant (driver), 
Ib/T-in.-sec* 

4 31-40 BG Thermal constant (driven), 
lb/0F-in.-sec2 

5 41-50 BRKP Tip break radius,  maximum (driver) 

6 51-60 BRKG Tip break radius,  maximum (driven) 

7 61-70 DOPMA Outside diameter,  maximum (driver) 

8 71-80 DOGMA Outside diameter,  maxinnum (driven) 

DOPMI Outside diameter,  minimum (driver) 

DOGMI Outside diameter, minimum   (driven) 

21-30 DRPMA Root diameter, maximum (driver) 

31-40 DRGMA Root diameter,  maximum (driven) 

41-50 DRPMI Root diameter,  minimum (driver) 

51-60 DRGMI Root diameter,  minimum (driven) 

61-70 EP Young's modulus (driver) 

71-80 EG Young's modulus (driven) 

Input Card 3 

1 1-10 

2 11-20 
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Word       Column        Symbol 

Input Card 4 

1 1-10 FMINP 

Description 

11-20 

21-30 

31-40 

41-50 

51-60 

61-70 

31-40 

41-50 

FMING 

PRP 

PRG 

RFMIP 

RFMIG 

TPMAS 

8 71-80 TGMAS 

Input Card 5 

1 1-10 TPMIS 

2 11-20 TGMIS 

3 21-30 BMIN 

BMAX 

CNSTD 

Face width,   minimum (driver) 

Face width,   minimum (driven) 

Poisson's ratio (driver) 

Poisson's ratio (driven) 

Root fillet radius,  minimum (driver) 

Root fillet radius,  minimum (driven) 

Arc or chordal tooth thickness at 
standard pitch diameter,  maximum 
(driver) 

Arc or chordal tooth thickness at 
standard pitch diameter,  maximum 
(driven) 

Arc or chordal tooth thickness at 
standard pitch diameter,  minimum 
(driver) 

Arc or chordal tooth thickness at 
standard pitch diameter,  minimum 
(driven) 

Backlash,  minimum 

Backlash,  maximum 

Use:   0 - if gears operate on standard 
centers 

Value - if gears operate on non- 
standard centers 
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Description Word       Column        Symbol   

Input Card 5 (Cont'd) 

6 51-60 PHIN Pressure angle, deg. 

7 61-70 PND Diametral pitch 

Input Card 6       (RPM AND HORSEPOWER LOOP) 

1 1-10 RPMP Rpm of driver,  initial 

2 

3 

4 

5 

11-Z0 RINC Rpm increment.    Blank if only one rpm 

21-30 RPMX Rpm maximum.    Blank if only one rpm 

The effect of several driver speeds on 
the gear set nay be studied by using 
this loop.    There are no limits on the 
number of times the speed is incre- 
mented,  so long as the maximum rpm 
does not exceed 10 digits 

31-40 HORSES        Horsepower,  initial 

41-50 DHP Horsepower increment.    Blank if only 
one horsepower 

51-60 HMP Horsepower maximum.    Blank if only 
one horsepower 

The effect of the application of several 
power levels for the gear set may be 
studied using this loop.    Since this 
horsepower loop is inside the rpm 
loop, the program will analyze the 
complete range of horsepower for 
each rpm before moving on to the 
next rpm 
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Word       Column Symbol DescriptLm 

Input Card 7       (PROFILE MODIFICATIONS) 

1 1-10 MOD Use:   0 - if profiles are not modified 

1 - if pinion and gear tips are 
modified 

2 - if pinion tip and root are 
modified 

3 - if gear tip and root are 
modified 

11-20 PI Modification at break diameter for 
modified profiles in engagement from 
A to C 

If MOD   =   0,  leave blank 

If MOD   =   1 or 3, this is gear tip 
modification 

If MOD   =   Z, this is pinion root 
modification 

21-30 P2 Modification at break diameter for 
modified profiles in engagement from 
B to D 

If MOD   =   0,  leave blank 

If MOD   =   1 or 2, this is pinion tip 
modification 

If MOD   =    3,  this is gear root 
modification 

31-40 El Roll angle, deg.,  where modification 
ends 

If MOD   =   0,  leave blank 
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Word       Column Symbol 

Input Card 7 (Cont'd) 

41-50 E2 

Description 

11 MOD   =   1 or 3,  this is gear roll 
angle 

If MOD   =   2, this is pinion roll angle 

Roll angle,  deg.,  where modification 
ends 

51-60 RDMORE 

If MOD   =   0,  leave blank 

If MOD   =   1 or 2,  this is pinion roll 
angle 

If MOD   =    3, this is gear roll angle 

Use:   0 - if this is last modification 
card 

1   - if another modification card 
follows 

A separate card is used for each set of 
modifications,  up to a total of 5 cards. 
Each card may use a different MOD so 
that the effect of various types of modi- 
fication may be studied,  as well as the 
effect of different amounts of modifi- 
cation.    The program assumes a 
linear modification from the break 
radiis to a radius having a roll angle 
of El or E2 

Input Card 8        (METHOD CARD) 

1 1-10 METH If only static conditions are to be ob- 
tained,  leave blank; otherwise put a 
1 in Col.  10 to calculate a dynamic 
factor 
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Word       Column        Symbol 

Input Card 9 

Description 

1 1-10 

11-20 

3 21-30 

4 31-40 

5 41-50 

6 51-60 

Input Card 10 

AP 

AC 

If METH is blank, omit this card; 
otherwise: 

Thickness of driver gear rim below 
the root.    If gear is solid, this dimen- 
sion will be the height the driver ex- 
tends above the shaft surface. 

Thickness of driven gear rim below 
the root.    If gear is solid, this dimen- 
sion will be the height the driven gear 
extends above the shaft surface. 

Pitch or spacing error (driver) 

Pitch or spacing error (driven) 

Mass moment of inertia (driver), 
Ib-sec^-in. 

Mass moment of inertia (driven), 
lb-8ec2-in. 

If METH is blank, omit this card. 
If METH is 1 and values are unknown 
from other sources, leave card blank; 
otherwise: 

i 1-10 NAT(l) Lowest natural frequency of gear 
system,   rpm 

2 11-20 NAT(2) Highest natural frequency of gear 
system,   rpm 

3 21-30 NAT(3) Natural frequency of teeth acting as 
a spring,   rpm 

PEP 

PEG 

PMI 

PMG 
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Word       Column        Symbol  Description   

Input Card 10 (Cont'd) 

These natural frequencies are those 
for a system consisting of the two 
gears under analysis, and the gears 
(or loads) on the ends of their shafts. 
These frequencies may be found by 
the Hölzer method.    If none of these 
frequencies are available for input, 
the program will calculate NAT(3) 
from the simple system consisting of 
the two gear blanks as massep and the 
contacting teeth as springs. 

Input Card 11      (FRICTION AND TEMPERATURE) 

1 1-10 FR1 Friction factor from Eq.  (55),  (57), 
(59),  or (61) 

2 11-20 FR2 Friction factor from Eq.  (54),  (56), 
(58),  or (60) 

l 

3 21-30 TCON Temperature difference factor from 
Eq.  (69) 

4 31-40 TEMP Oil jet temperature,   "F 

A sample set of data cards for the ground spur gear design and 
operating conditions given in Chapter VIII,  Section B, is shown in 
Figure H-l. 

Since the tooth thickness is given as arc length on Cards 4 and 
5,  Card 1 contains a zero in Column 5.    The pinion was the driver in 
this example,  so pinion data were entered in the driver parts of the 
appropriate cards.    From Card 6,   it is noted that the effect of one 
speed level was studied at six power levels,  100 hp apart.    The invo- 
lute profiles of the pinion and gear were modified on the tips;  hence 
Card 7 contains a 1 in  Column 10 for MOD.      Since only one set of 
modifications was considered.  Column 60 for RDMORE is blank. 
Card 8 has a 1 in Column 10 indicating that a dynamic factor was cal- 
culated.    Since a dynamic factor was calculated. Card 9 contains data. 
No vibration data were available; hence Card 10 is blank.    Card 11 
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Figure H-l.     Sample ground spur gear computer program 
data cards 
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contains friction factors calculated for plain cross-ground surfaces 
with a composite surface roughness of 1 3. 7 jjin. AA, using Equations 
(56) and (57). 

Computer Program 

Figure H-2 shows the listing of the computer program.    Con- 
trol cards are not included. 

Sample Printout 

* Figure H-3 gives the data printout for the input data of Figure 
H-l.    Results are shown for 600 hp only. 

The first page of the printout lists the input data for reference 
purposes,  plus miscellaneous geometric parameters.    The second 
page provides additional input data listing. 

The third page is the ROLL ANGLE SECTION in which roll 
angles are given for both the pinion and gear for the start and end of 
contact,  and for the lowest point of single tooth contact (LPSTC) and 
the highest point of single tooth contact (HPSTC). 

Two contact ratios are given.    The larger represents the maxi- 
mum attainable,  ignoring tip rounding.    The smaller value is the 
actual contact ratio, taking the rounding into account. 

The body of the figure gives, for corresponding pinion and 
gear roll angles, the radii of curvature and the instantaneous sliding 
and sum velocity for several points throughout the mesh. 

The next page is a continuation of the ROLL ANGLE SECTION, 
listing the dimensions of the uniform stress parabola inscribed within 
the tooth outline. 

The fifth page is the LOAD FORCE SECTION, in which the 
quasi-static loads are determined as a function of the tooth deflections 
and the profile modifications at several points in the mesh cycle. 

Roll angles at positions 7 and 8 and also positions 17 and 18 
are duplicated.    Positions 7 and 8 represent the point where double- 
tooth contact starts (LPSTC), and positions 17 and 18 represent the 
point where double-tooth contact ends (HPSTC).    Two positions are 
needed to define conditions at each of these points,because as the gear 
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teeth go from double-tooth to single-tooth contact,   or the reverse, 
the load theoretically changes instantaneously. 

The last page is the FLASH TEMPERATURE SECTION where, 
for points throughout the mesh cycle, the parameters related to the 
operational behavior of the gears are given.    The dynamic increment 
and corresponding dynamic factor are given at the bottom of the page. 

The program enters the rpm loop first,  then the hp loop, and 
finally the modification loop.    Thus the program will perform all of 
the calculations in the LOAD FORCE SECTION and the FLASH 
TEMPERATURE SECTION for each set of modifications specified in 
the modification loop at the initial values of hp and rpm.    When the 
modification loop has been completed,  the hp will be incremented and 
the modification loop repeated. 
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Figure H-2.     Listing of ground spur gear 
computer program 
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J«  •   .t*(SOIIT((00DllC*000B6)>(OHG*0B6>)«SORT((OXO«OX6)«(OB0*0BSl)) 
I»   m   .»•(3O»T((OO08P«OO0BP).(0eP«0aP))«»ORT<(Dl«P«OJ(P)«(OeP«0BP))) 
V0  •   ,l*Si)RT((OlP*OXP)«(OBP*OBP)) 
• u  ■   ,S>SePr((0l6*D«C)«(i>B6*DH6)) 

»e ■ PI*OBP / *NP 
CP«(»PI«0»P/»t<P 
t« « i,/(t(i,»(PSP»pi»P))/ep»((i,«(P«e«p»e))/E6))/f,) 
■OP»   OÜP^I'ÜPPM« 
»DC  ■  OOCMI.OPC* 
•OPaCOODBPaDtP)/!, 
«OCalOOOBC'OiO/C. 
FNRtaf >«R«/PN 
riPtariPA/pai 
»KITE     (LOUfWOO)   »OP,»06,0BP.0«6,BO0«P,0OO«G,0P,06, 

• D«P.O«C>ROP>»OC 
■ »ITC     (tOU>l«01)   «>'6,C«fST0,CPi»,rM)»,'«R»,£»,PB, 

• P0«,«!»6,V0,a0.Z»,/»N,Zr»,ZB 

f NNtaMIUXIN 
f «RtaFlPltpai 
I»   f"»»t,lu,0)   GO  TO  Hk 

C«tCUL«Tt »PC TOOTH TM«, fRO« CM0P04L TN«, 

tN«r(j«TP«jS)/(,S*OP) 
«Ml T«N(tx/(Sa4T(l.«(*M) ••())) 
rpMiSa*N*OP 
«•<■(,t«TPM«S)/(.f*DP) 
«»*»«riN(«K/(SQBT(l..(»K)..f))) 
TPatSa*N«DP 
»l»«f,S«!(;*t»)/(,i«l>6) 
««.»«TINCiN/CJOPTd.-tJN).«?))) 
rcMrs«tN*oc 
«•(«(.»•rcxtJl/t.faOC) 
t«iatT«N(«<i/(SU*T(l.>(«N)**I>)) 
f6Ml*8tW«D6 
■PlTl  (LJU.KOt) TPM«s«TCM«S(TPMIt.TCMIS 

C*UUlltl   INC   TOOTH   TMK,   «T   THE   OP(R«TIMC  PITCH  01«, 

Ilk   TPMt*)*DlP>(((TPHIs/OP)*ZrN)«XP>) 

(OKP) 

|P6Rük«0*00kl 
•PGROkfO*aOfc<» 
SPCNOkkOPOOkt 
BPl>RUk>0*nOkk 
8P6ROhB0*00k' 
SPfiSOk^O^nOk» 
8PSRB700»n0kR 
SPCRa710*o070 
»P6RO><fO»iiO»i 
»P6RO»IO»nO>» 
SPGRo?«o*na7i 
8PGRO;iO*n07* 
SPGR07kO*007k 
SP6R0770*<'07k 
SP6RD780*0077 
SP6R07«0*P07B 
SP6R0B00*li07a 
8PCR08iO»nalO 
SPGR0BI0»n081 
SPGROtJn*oOII 
SPGROi«0*flOBl 
»P6R0i»P»O0i» 
SPCROkkOPOOli 
SPGRa870»OOIk 
•»6R088C*00I7 
8PGR0840*nOB8 
SPGPO^0O»nOIR 
8P6RO,)10»0040 
SPCRU"»?C*nO«l 
SPGI)0S}0*iiU')2 
SPGRORVOknORl 
SPGRu^SOmo*» 
SPSRU^kO»nOt& 
SPSR0^70*r<0ak 
9P6RnaiP»no«7 
SP6ROa40»ao«l 
SPGflOOO»fO'>,> 
8P6R1PIO»'11DO 
SPCR10«0*niul 
SPCRinjO*plu2 
SPCRlOVOknlO] 
SPG«10Sii»nl0» 
SP6R10kO»nins 
8PCR1070*010k 
9PCR1080»alD7 
SPCR1040»nlQR 
8PG«1100»P10* 
8P6«iua»nua 
8P6RtlI0»ulll 
SP6RUI0*utll 
SPGft IIHO» til 11 
SPCRl)tO»nll» 
•PGRllkO*nUf 
8PGRlt70*nilk 
8P6R1180»nU7 
SPGRll«0*011* 
8PCRtB00»rll4 
8PGRlfl0»«U0 
8PGRlt<0»0Wl 
SPG«l*Jl)*OJ«? 
SP6Mi<»0*OWI 
SPORl?kO*uU» 
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T*MtlaOaM(((TPM4|/DP)*ZFN)«ZM) 
TSMtlllanx«>(((taMU/D6)*Z"IWI) 

MRtrt  (LOU.UOk) TMt«,T8H««.TM|N.T«MtM,M,6R 
■E*(l (LIN.intO) »»"l»,«l»<e»M«M,MOMH.OKR,MW« 

to*o roR«*T (kria.i) 
Mite  (lOtl.ltff) »»"» 
IF (•INC.IO.O.) «0 TO u 
■«ITC  (kOU.Ittl) •INC.»»«» 

c 
c   »ftp v*»i«iikfi ro» Mo»«r»o»i» too» 

i? «tut (LOUtiitt) IMO(»),|HO<I),IMO;(I)(1MO(«) 
MMITI  ('.OU,U»0) MOMCt 
I» (OM»,IO.OI CO TO I« 
«•trf  <L0U.I1*1) OH»,M»M 

c 
i*  I«l 
It R(tn  (kIN,10»t) HO0(l).(*MOO(I.J)iJ«t«*)t»DMORI 

I» (MODO).I«.0) 60 TO r< 
J'   (I.OT.l) 60 TO Ik 
«»ire (kou.uii) tN0(»).iMO(n«iMDt(i).iM0(*) 

lb IMtlfHId) 
tHlalMId) 
IF (Moom.eT.i) iMtaiM((i) 
i» (»oo(t),oT.n IH»»I»I(|) 

IT H4lTf (LOU.lMk) »»00(1,1),«"00(1,1) 
»»»Tt (C0u.il»>) »"00(1.J).»»00(1,») 

f*   IF t«0»0«t,tO,0) 60 TO 10 
IiUl 
eo TO it 

10 NMODH 
! 
C       *r»D »NO »»INT D*T» »0» DFOMCI SICTION 
i 

■f»0   (klN.lOlO) »IT» 
•»iTt(LOU.U) 

11 FO»«*T(//»IH »ITMOO UlfO FOR C»ieUl*TIN6 NORMAL FORCI«/ 
•     t'.I^Ht NORM»L FORCi • tT*T|C FORCF) 
|F(ufTM,Nt,l)   60  TP  »J 
»1*0     (LIN.10SS)   »»,»G,»e».»t6t»M].6MI.N»T 
■RlTKLOU.ia) 

m FOR«*T(il,it<Ni DTN»MIC  FACTO» C»LtUt»U0 •»  TU»LlN METHOD) 
RRtTf       (LOU.II»)   »»,»C.»r».»t6.»MI.6MI,N«T 

c 
t       «»n »NO »RINT 0»T* »0» FL»IM TIM» IICTION 

«1 R(*0   (LIN.lOkO) FRI.FRI.TCON.TIM» 
■RItE  (LOU.1110) IND(l),lHO(l)lIMDI<l>>tMDI(t)flHP(l) 

«t "R|T(  (LOU.IlbO) FRliFRl.TCON.TEM» 

100 1»HI»»MJN 

Fm»MIN» 
IF (FMIN6.LT,FMIW») »»«»»INS 

RE6IN »F» LOO» 

M»1BH0RSC8 
•0 »ORSES'M»! 

IREe*L«l 

•»6»lf 
•»Mil 
»»6RII 
•»Mil 
•»Ml» 
•»Mil 
•»Mill 
•»6»l» 
•»Mil' 
•»Mil 
l»6»ll 
•»6Ril 
•»SRll 
•»Mil 
»»8» 111 

•»Mi* 
•»Mi* 
•»Mi* 
•»Mi* 
•»Mi« 
»»6»l* 
•»Mi* 
S»6Ri» 
•»6Ri* 
»»BRi» 
1»6R|I 
9»M1( 
S»6Ril 
S»eRll 
»»eRit 
8»6Rl* 
•»6Rii 
•»Ml« 
•»Mil 
•»«»il 
•»ORib 
•»Mlb 
•»GRIb 
S»6Rib 
•»6Rlb 
•»6Rib 
•»6Rib 
•»•Rib 
•»•Rib 
•»MIT 
S»6RIT 
•»•R1T 
SRCRli 
•»eRii 
S»6Ril 
8»Mil 
4»6Ril 
•»6Ril 
•»6Ril 
•»•Ril 
•»Mil 
•»0R1I 
•»Mi*l 
»»6RI* 
•»6RI* 
•»Mi* 
•»GRi*' 

bO*Olll 
T0»01lb 
■••PilT 
«•»Oil« 
••»Oil« 
lB»OiSO 
••»Olli 
IO*Oill 
*O»0ill 
•••Oil* 
«0*01 IS 
bl»nllb 
T0*OliT 
»0»Ol»l 
•o»on« 
00*01*0 
10*0i*l 
•0*01*1 
10*01«» 
*0*0l** 
10*01«» 
bO*01«b 
»0*Oi«T 
IO*Ot*i 
*0*0i«* 
00*0110 
10*0tll 
io»ni(i 
io*aiii 
«0*011» 
10*0111 
b0*0i«b 
TO*0IIT 
•0*Ptll 
«0*01»« 
00*nibO 
10*i91bl 
I0*01bl 
IO*nihl 
«o*nib« 
tOkOlbl 
bO*nibb 
»0*OlbT 
■0*Plbl 
TOMlb« 
•0*0|T0 
*0*OiTl 
00*ni7l 
l0*niTl 
10*81»« 
10*niTI 
«C»01>« 
IO*fllTT 
bO*Oi78 
TO*«iT* 
•0*0110 
«0*0181 
00*0i8l 
10*0181 
10*018« 
10*0118 
«0*Oilb 
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110 rQP  m   (hI0rSa«M0«SE91/"»H^ 

Toet(kioM.*wu»sf$)/wc 
HTS«((a*TaC)/0>C 
UN  • WTF/r« 

KtMMt 
IF (IRECH.fO.O) 60 TO US 

lit tHfC*!.«!» 

*0ll*N6Lf tECTtOW 

iso »»ire   (kOKiiiio) iHoi(t),i«oi(n,iMO(u 

• ,»0tL««»,«H0l»,»M0C.0ECO,0(CC,VS,VT 
• ,(9C»,etcp,«<«»«»."«»«».«n«) 
C*LL  '**! (OeCP»"     «NP.TP.XOlHP.OFSP.Dir.DtP.DRPMI^K^NP, 

• »PMIP.CPtPIfPNfJO.PMtNPfPPCOiHRM) 
C«IL PHI      (OtCC.FC  ,MG,TG,»OI«''.,OfSC,OI6,OBC,0(«C>M,6K,*NC, 

• »PMICIG.Pt.PN.JOtrNINCPbCO.KP») 
"•Itf (LOU,i<i«) 
00 IfS 1*1.JO 
TUtPd)«!, 
TIiTCd)*!, 
»»m (uou,u'o) MP(i),HC(n,Ti,T«,fPCD(n,Fsco(n 

ItS CONTINUE 
c 
C LOIft  ifCTlON 
C tCGINMNG  OP  «OOIPICtTION  LOOP 

IK   IP   (KtMP.ca,!)   GO   TO   l*f 
IF   (MOPCHMl.EO.m   60   TO   1XS 

1*0  PlaiHODtHx.U 
PMtMOOtMM,}) 
CUtXOOCMM,!) 
eotMOocxM,«) 

I»« NRtTE     (kOUtldO)   IHOKOtlHOlU)«   IHOd).HORSES.PPMP,NN 
M0««0O(MM) 
CALL  LDVROL   (R0LL«»T,l>F8P,0FSC,»iXF0,M0. 

• EtfEI.MtRKlrMARio.ESCP.EECP.KHM, 
IP   (K*MP.tO,2)   I»EC»L«l 

TOFtS) 

60 m (ua.ito) K»HP 

RME* KtMPif  THE ROLL «N6LE «NO LO»D C»LCUL»T10N3 tRE REPEATED 

OYN«Mtc FACTOR SECTION 
•»F.^MITHOO INDICATOR 

MPsi 

MPB| 

NORMAL FORCERLOAC FORCI FOR EACH 
•OLL AN6LE8 POSITION 
CALL SUBROUTINE fORCE  TO CALC, 
A DYNAMIC FACTOR 

UO I«Ti| 
MPai 
Ll»l 
Lli* 
DFai 
60 TO 110 

US IP (METH.ES.O) 60 TO tlO 
«•P»! 
60  TO  ISO 

SP6HlRtO«-01S? 
SPGRm.O»PIiS 
SPGR1«'0»P1B« 
8PeRlM0»nlR0 
SP6R1«R0»01R1 
9PGR?000*at*« 
9PGR?OJO»01<II 
SPSR^O?0»nl<»» 
SP6RrO)0*nlRS 
SP6RID«0*ni*k 
9P6R?0S0*nlRT 
SP6R;0k0*nl<t 
9P6R«0»0»nl»R 
SP6R7P«0*rlon 
SPCR20*a*0P01 
SP6RF100»nIor 
s»r.R?iio*p«o> 
spr.R?i;o*nfo» 
SPeR;i)a*nioi 
SPGR21»P*n{ak 
SP6R{iso<-ora7 
9PCReikn»n?ot 
SP6Rei70*0iaR 
SP6R21S0»nPin 
SRGRIl<0»n«ll 
SPSRf«00»n;ii> 
SPCR«?10»n?H 
9PCR???n»n?l« 
SP6R?E)0»nM« 
9PCR?;»D*P?lk 
9PCR??Sn»ni»l> 
$P6R22kO*n;iR 
SPGR2('0*0E1* 
SPGRf2IO*P2j(i 
SPGR2IR0*n?21 
SPe>>;30o»nf;f 
SP6R«)10*D2(I 
9P6R;i?a»n?«» 
SPr.R2J]o»n;«t 
9P6RJI«0»nj>?k 
»PG»?}50*0??» 
SP6Re)kO»n??R 
SPGR?I70»n?2k 
9PGRP4R0»n7in 
SP6R?Ma*P211 
SPGR'^on»«?« 
SP6R2»lC»ii23] 
SP6R2l>fn*p;]» 
SPGR?»JO»0?1S 
SPC»?»»0»OFJb 
SP6R2»SP*n2l7 
SPCR2»>>0«'n«3R 
SPGR»»>0*n?JR 
SP6R7«Rn»n«»n 
aP6R(»<0«-nI»l 
9P6RF«10*n»»f 
SPGR7«20*nr»1 
SPGRfS10»nr»» 
SPGR?S»0*nP»S 
SPGR(SS0»a?l*k 
SPGR?SkP»n}«7 
3PC»?>.'')*i?»l 
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110  UM 

»«I»  (kOU.ino)  IHDKD.IDiCD.IDidDflOtdl) 
NATraaMTCI) 
c«it roDCi UP,««»     c^.OM»,BW.ir,is»r»«tNf,fNiiiis.r»tt», 

•MO«»H,«i»T»O,»l«I,8X|,P»M,M6,TH«U.TS»U,¥«»<iOf,ll0SilNT,T0rti» 
60 TO tlO 

H.«»«   ltH«H«tU«   IfCTION 

•►OR  t«CW  »OLL  «NOLI  MilTION  *  MICTION COlFrtCIINT  It  OfTtRMIMFD 
•»»Lull m TNIN FOUND ton FLASH TIMNMTUH. 

«10  C*Ll  FMHf (TI,TlN»,*XFO,Fr»lC.^HI,llRii,JO.L»«»i,F»,lH, 
•     PHt«»,F«i,F»l,TC0»<.J0»JC.«OLL»»r,FMeT,J«,BF^,«N(»> 
DRlTf     (L0U.1I11)   INDXDflHOKDflNDCDtHOMCliMMF.MNfTt.PNCtV 
»■in   (L0U,1*M)   !NDl(|)>I0(kl)>IDl(HF1.IDl(LI) 
•»Ite     (LOUiltlO)   IHDt(1 )> IMDKIl.dHOKki«))■«,O.dHOKM),Mai,7) 
DO 170  I»1,JD 
UF0»ce*»IF0CI>Lt) 
»HOF   •  (»H0»(J)»»"0S<I))/(«HOP(I)»»H06«in 
|F   (OFü«Ct.M|,o,)   SO   TO  lit 
l>T »0, 
Mt»Tl»0, 
CTl-MTS 
CO  TO  lit 

Hi  HtRTl«ll»(4*>B»T(C»/Fl>)*t0RT(0F0RCl/RH0E) 
DTi.ioj.fF»ie<n«((OFo»ce/Fi»«««it/»,))»(i»««(i,/»,))/<»H0i««<i,/ 

••,)))*(*IIS(»M0P(|).(tNP/tNe**MOC(I)))*IS*T(»FMP)/(|M«aRT(»MOF(I) 
•♦ (»r.«$0»T !«NP/*«iG«»H06< I) ) J ) > 

Hi  CTE«l»Tt*OT 
(SS  «»Irr     (LOU.tUS)   I,»OLL»»r(I,l).üFO(»Ct,FHlC(lJ,HF»T:,DT, 

» CTFKP.PHKIJ 
«»0  CONTlNUt 

C INCHxf«?  HfTMOO  LOOP 
SOO   CO   TO   (IkS.SIO)   Mf 

c 
C     I».Cne«l«iT »OOUIC»TION LOOP 

SIO ]f   («<><,£0,t««OOJ GO TO SIO 

If   (J(tlC»L,ttt.») CO TO m 
CO TO lit 

tNC«E><CST  HU»ttPO»()«  LOOP 

MO   If   fMO»StSiM,MPMj   60  TO  »00 
S«S   MO»«S««0»SES»OHP 

GO  rn iio 
kU«   I»   (»•MP.GI.NPM«)  60   TO  t 

RpM*.*p«P*RINC 
CO   TO  40 

C INP.JT  FO»«»*ti 
lODO   fuB«*T   (US) 
(OtU  fo(t««T   (IFIO.t/bFin.t.triO.f/IFlO.I/'FlO.t) 
10»S  FOR'AI   Ht,IS,inn,*,HI,Hi 
IOSO »ntr'tT  di«) 
lOSi  fUR-iT   (kFlll.S/IFIO.a) 
itifcn fon-»t ((fio,»,»rin,i) 

C »»{(.»"I"»1»»  0«T»  OUTPUT  FORXATS 
1100  FOB«*T   (1H1) 
Hill  FORMAT   (//»M,««10,»*»,»10/J 

W«Ui40»Otti 
SMMhOO*0<l 
•fSR<blO»Dit< 
•P6Mblt»U2t 
•raiMk<0»Oft 
•PMIklOfllt 
•P6R<k<»0»nit 
•P8lllbf0*nlt 
•P6ftlbk0»alt 
■P6R*kT0*n(l 

«•P6R<ktO»a(t 
••P8Mb<0*n(k 
•P6R«7lO»nik 
•TOM7»*Plfc 
•raHiFlOfrfllb 
■P6Ri7*0*a(k 
SP6R<7tO*0(k 
tPORIFkOcnlk 
SP6lli770»0(k 
•PC*I7IO*0(k 
IP6»»7*0*ni»U 
tP6*iiaO«-0<T 
•P6ll<ll0»al7 
tP6»<tiO»n(7 
•PCR«J0»ni7 
•P6MI*0*nI7 
■PCRiltO*«!? 
•P6RflbO»u(7 

)8P6RM70»oe» 
•P6R<IIO*a<7 
•P6Rfl40»n<l 
•P6RiR0O»nIl 
•P6Rf«tO»n<l 
8P6Ri«0»nil 
SPCR2«J0«'n(l 
SPCRf^ro»«;! 
8P6R<^t0»n(l 
•PCRt4kO»n(l 
SP6R<470*nCN 
tP6Ri^N0»PI( 
SPGRi^^OKiHO 
8P6R1000»ce» 
8P6R1010»ai» 
8P6RiniO»nj« 
8P6Ri010»nf» 
8P6R10<»0»n<^ 
8P6R10tO»r<{» 
8P6R10h0»n<4 
8P6R10F0»«?» 
8PG«3ni0*n(« 
tP6RJORO*nl0a 
8P6miOO»nlO 
SPGRJllflVfUO? 
8PCN1120»nla 
8P6RJHn»rl0 
8PCRJ1»0»I'10 
8PGRJltO»MP 
8P6t»UkO»niO 
8P6Rll70»nJ0 
SP6Riiao*nia 
8P6RJl^0»nllü 
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HIS  'OR»*T   (//!«,Ml".O) 
11IS   fODtkl    (»«.««HVtLUCS   »NO   tlEFIMTIOMS   OF   Pit"«*«»   INPUT   V«»UB(.ES 

••ion   (INCH UMTS  UNLESS  NOTED) / 
• «».IfcH (ORIVfBl ,fc«,l»M        (D«I»EN) 
• /UM  <NP ■   ,M0,S,»«.inM*N6 ■  •H0,t,%*, 
• bOM-NU«"«!» OP   TEE TM 
•/11M   HP ■   .FtO.f.Sl.lPHHC •   .P10,*,»X, 
• sOM-TMCPMli,  cnNJTJNT   (LH.SOUTtSEO/IN.OES,   FJ 
• /UM  HBKP ■  ,F10,*.S«,inMIIBi<6 •   ,H0,l,i«, 
• knM.MOlHUP  TIP  BREtK 
• /UM  OOP"«      ■  ,F10,S.S»,IH»"006"«       ■  .Flo.S.tl, 
• NOM-OUTSIOE  D1»METE«.   M»II*.IIM, 
• /UM   OPPMI        ■   .FlO.S.SI.inMOOCMI ■   ,H0,i,i», 
• (,0««ai)TSIPE  0!»»ETtR,   MihiMjM 
• /UM   ORP«!        ■   »FlP.S.S«, lOMPBGM» •   ■F10,!,4», 
• mtHaPOOT   OIAMfTEH,    UtllM^M 
• /UM    OPPMI ■    iHO.^.SX, inMOBGMl •    (FICaSd«, 
• sOM.WOOT   OltMETfR,   MINIMU»1 

•/UM  CF •  .Fin.o.^ii.lOHEC •   ,EiO,0,SX, 
• SOM.»OUNG"S Moomus, psi. 
• ) 

UJS ro»M«T  ( 
• UM   FUINP        ■   ,FiO,S.S«.inM>Mlfcr, •   .FIO.S.S», 
• sPM-HCf    PIOTM,     MTNIMU» 
• /UM  PHP ■  ,Fio.S,5«,lPMPPG •   ,F10,4,»«, 
• kPM.PnissoN's M«TIO 

•/UM   8F-IP       ■   .Fin.S.Sl.lPMBFxiG        •   ,fin,%,i*, 
• fcnM.»00T FILLET  »»OIUS 
• /UM   tM-4S      ■  .Pia.S.Si.lQHTGMtS        •   ,M0,l,S«, 
• hPM.iOC   OR  CHORQtl   TOOTH   THICKNESS«   MAXIMUM, 
• /UM   TPMIS      •  (FlPat.S>.lPHT6MIS        ■   •FlO.S.tX, 
• tOM.»«c  OR CHPROtL   TOOTH  THICKNESS,   MINIMUM. 

,Fin,S.11I,     tl.M«l>*CKL*SM   MINIMUM 
«Fin.S.lOI,    }tiH.|)«CKL«SH   MillMUM 
,M".S,10»,   ikM>C(NTER  OISTtNCE,   STtNO,   IF   ZERO 
,Fin,^(Jn«,   JhM.PRESSURE   »NGLE   (OFG.) 
»FIP.S.IO«. JkM.OHMfTR»).   PITCH 

•/UM RMp; 
•/UM «M«! 

•/UM  CNSTO 
• /UM PHIN 

•/UM   PNO 
•//) 

l?00  F0RH»T   (//m(»»Hv»LUES   «NP  DEFINITIONS  OF   PREL1MIN»»T  C«LCUL*TED 
«,inMy«Ri«8iE8    / 
• ex,l»H (DRIVER) .fcX.ltM        (DRIVEN) 
• /UM   «DP ■   ,F10,5.S«, inM»l)t »   ,flO,f.,iX, 
• bnM.400l<(OU>»   (IN.) 
• /UM   DRP ■   ,Fl0,5,S«,lPM0Kr, ■   «FIO.S.SX, 
• kP"-B*SE  CIRCLE   0I*METER 
•/UM  DOD«P       »  .Fio.S.SX.lOM^OPor,       «   .MO.S.SX, 
• bOM.QUTSIOE  OKMETER  APE«< 
• /UM  OP ■  .FlO.S.SX, IP-^r, •   .MO.S.S», 
• bPH-STO,  PITCH  OUMETE- 
•/UM   OXP ■   (F10It>tXllPMO>G «   •FlO.S.iX, 
• bPH.NON,  STD,  PITCH  0I»METfB 
• /UM   »DP ■   ,F10,S,*X,10M»UC. >   ,flO,4,S», 
• klM.MFIGHT  OR  MHOLt  OFPTH 
• /) 

W01 fOB-IT (UN «OS    ■ ,FJ0,§,10X,11H.CI»R B»TI0 
.FIP.S.JQX, IhH.C«LCUL«TED CENTER 
•riO.S.JOX, lbH.N0RM«L CIRCLE PITCH 
,Flo,|,lo«, IbH.PRESSUBf INCLt (OEO.) 
»FIO.J.IO«, »bH.ii0RKlN6 PRESSURE «NGLf (OFG.) 
•riO.l.lOX, IbM.BEOUlEU MODULUS (PSI.) 
.flO.S.JOX. IbM.SASF PITCH 
,»lO.»,10X,IbM.PI«METR«l »ITCH, DORKING 

•/l IM CWSTO 
•/UM C»N 
•/UM FNRt 
•/UM FXR* 
•/UM ER 
•/UM CH 
•/UM PPX 

SPCRItOO*01tl 
8PGR1*10»P11» 
SPG»i?*o»nm 
SPGRJ?«0*OS1» 
SPCRl*»D*nIl< 
SP6»3*SO»n»lb 
SPGBJ2kO*olJ» 
8PCR«»0»O1li 
8P6R1IIO*n11« 
8PGRiM0»nl20 
SPCRI100*0*21 
SPGR3]10*aI2> 
SPGR1lfO*03ri 
SPGRiJ30*Ol<» 
SPGRmO»Plt» 
SPGR3JSD»Pl?b 
8PGR|]k0*0II7 
SPGR<3>D*nl<i 
8PGR]iR0*0S«R 
8PGRJ1RO»OJJP 
SPGR}»00»P111 
SPGR«<tlO*nm 
8PGRI*<!0»nl]] 
SPGRI»10*PSi» 
5PG«1«»0»0H« 
SP6RJ«S0»nHfc 
SP6R««ka*DII? 
SP6R1»»0»OJ3R 
SPGR3»liO*imR 
JPf.Bl»«0*pS»P 
SPGBjioa*p]<u 
8PCR!S10»0J»» 
SPGBis»o»nj»i 
SPGRtSID^PI»" 
SPGBis«a*n)»s 
SPCR1550*nJ»k 
SPGB<Sb0»nJi«; 
SP6H«>P*0*»» 
SPGRISiOPPI»« 
SPGB|»RO»nlSP 
SPGRIbOOkniSl 
SPGH]bia*a3s? 
sPGRtbeP»P3si 
SPOmklOPr iS» 
SPGRlb»0»nJ'iS 
SPGBik«D»P3Sb 
SPGRIbk0*Pl«7 
$PGR]b'0*0ISI 
SPGB]k*0»PSS< 
SPGRIb«0*p3kn 
SPCHJJPO«."1l,l 
SP6Rmo»nJhf 
SPGB]7i>a*r3kl 
SPGR)710*n|k» 
SP0Rmo»n3fcS 
SPCR]7S0»nIbl> 
8PGRl»kO»n»fc» 
^PGR]7'0*n)b> 
SPGR»»IO»n3b» 
SPGB|MO»nno 
SPGR1IPO»n371 
»PGRIKIO».  |7? 

Figure H-2.     Listing of ground spur gear 
computer program (cont'd) 
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'S^^'s^ii^» «TO-«^^(mww.to^>w■■»w vi'*fe^>*«w*»<w »« 

'/UM ftWC •   .r 10,», ion.   UM-l/61»« RATIO SltCRItCOkPlTI 
• /Uu  VO ■   ,»10.1,1011, l»6RJilO»CI»» 
• klH.Ot»r*NCC  FROM   IMTUt   INTlRFeRINCf   POINT  TO FITCH POINT tPORltVOknlTl 
• /UH »n              ■   ,F10tIilOX, •MR>0«0»fllTk 
•hIN.nUTtNCC  FRO»  SICONO     IlkTeRFCRCNCe  FOINT  TO FITCH  FOINT IFCRIIkOkom 
• /UH I* ■   .FIO.I.IO«,   lfcM.F«TH OF  CONTACT  IN »FFROACH iF0RH»0»<il7i 

lkH>|NVOLUTC FHt  FOR ITO,  CCNTCRO  TO FHR6Rii00*nll>« 
•R6RliR0*nlin 

}kH»|NVOlUT( FHl  FOR NON.ITO,  CINTIRt  TtMRiROO*alil 
tRSRIR10*0ll( 

|tM<R«TH OF  CONTACT  IN RtCCtt )iF6Rl«0»nnl 
•FOR1410*0It» 
•PBRIRlO'OlRt 
•RORIRIOftOtik 
•FORIRkO*nli? 
•FORIRTO*plil 
•R6R1RI0*0>|4 
•F6RI«R0*0140 
MM*eoe*9tRt 
iF6R*OlO»0lR( 

•/UH ZFN       ■ ,Fie,»,io«, 
• »fOHTCM CIRCkl   (fAO.) 
• /UM IF«        ■ ,:'in,i,io>, 
• >10H0 FITCH CIRCtr   (RAO,} 
• /UM I» m   ,Flw,i.lO«. 

1101  FORMAT   (/»tltHARC   TOOTH  TH«,   FROM CHORDAt   TOOTH THK,/ 
• fX,lkH (DRIVER) ,k»,l»M        (ORIVCN) 
•/UH  T»H||       ■   ,Fio,*,tX,10MTGHU       ■  ,F10.1>l«i 
•/UH TFMIS     ■ ,rio,i,i«,iaMTCMto     ■ .no.i/) 

IfOk  FORMAT   (/|ir,*IH0FERATtN6  ARC   TOOTH  THK,   AT  FITCH DIAMtTCR/ 
• f(.tkH (DRIVER) ,k«,l*H        (ORIkEN) 
• /UH  TFHti       ■   .ClO.i^J.ieHTCM««       ■  ,*10,l,l«i   »M.M»KIMUM 
• /UH   TFHIN        ■   ^lO.S.lKUOHTCMIN        ■   ,Fia,1,111,   •M.MINIMUM 
• /UM FK ■   ,Fin,l,S«,10H6H ■  iFlO.I,!«, 
• kOH.ANaif  FROM  ORIGIN  OF   INVOLUTE  TO CENTER LINE  OF   TOOTH   (RAO)«FaR»0(0»OlRl 
• ) 8F6R»0I0*PIM 

litt  FORMAT   (lHl//ll«,»tMINFuT   VARIAOLES  FOR  IFCCIFIEO LOOFt  ANO  •ECTI0|F6R1010*nm 

,FtOat>10«,   IfcH.RFM  PRIVER   INCREMENT 
,F10,?,10ir,   |kH«RFH  DRIVER  MAXIMUM 

■   ,'10,1,10«,   IkHaHORtlFOHER 

• '10,1,1011,   JkH.HORIEFOHE»   INCREMENT 
,'10,1,10«,   IkH»MAXIMUM HOROEPOHER 

■ iFlO.ltkXflONFI 
■ ,'10,l,ll,jOHEt 

»rio,i) 
.'10,1) 

• NS//l«,|OMVARtABLES  USED  IN,,,   RFMF  LOOP 
• /UM RFMF •   ,'10,»,10«,   IkH.RFM  DRIVER 
•) 

Uli   FORMAT   ( 
• UM RINC 
• /UM RFM« 
•) 

U*0  FORMAT   ( 
• /UH HORSES 
•) 

U»l   FORMAT   ( 
• U" OHF 
•/llu MFM 
•) 

UH FORMAT (/UN PI 
HIT FORMAT ( UN El 
Uli  FORMAT   ( 

• ID.lkH (DRIVER) ,k««l»N       (DRIVEN) 
• /UM  AP •   ,FlO,l,i«,10HA6 •  ,F10,1,1I, 
• k«H*TH|CKNESS OF RIM BELON ROOT 
•/UH PEP ■  ,F10.1,1X,10MPE6 ■  ,F10,1,1«, 
•/UM FMI            ■   ,F10,1,»X,10H6MI •  ,'10.l,l«i 
• kOH«MASS MOMENT  OF   INERTIA   (Ll.lEC.SQ.IN, 
•/UH NAT(l)     ■   ,F|0,f.lOI,   IkH.HT  NATURAL  FREOUENeT(RPM) 
•/UM NAT(i)     ■   ,F10,»,MX,   >kM>(ND NATURAL FREOUlNCr(RPM) 
• /UM NAT(|)     ■   ,Pin,F,10X,   lkH»lRP  NATURAL  FREOUENCTCRFM) 
•) 

Uk«  FORMAT   ( 
•/UM FR1 
•/UM FR» 
•/UM TCON 
•/UM TEMP 
• ) 

1(11  FORMAT   (lHl//////7X,IHHP,lFX,iHH6,ll«,IHTP,llX,IHTe,llX,»HFFeO, 
• 11X.1HFCC0/) 

KIP  FORMAT   (|Hl///lx(IA?,An//FU,C,llH  •  HORIEPOoER/ 'II,*, 
• UH   ■   RFM   DRIVER        /   Fll,f,lH   ■   NN) 

1(11   FORMAT   (IHl///IX,|A7,A10//FU.t,llH ■  HORSEPORER/'ll.i, 
• IkH  ■  PPM  DRIVER       /F11,(,1H  •  NN/ 

IIHMPITCH ERROR 

.FR.1.10X, 10H.C0NITANT FRICTION FACTOR 
,FR.*,10X, ION.VARIABLE FRICTION FACTOR 
,FR,l,lOX, tnn.TEMF DIFFERENCE FACTOR 
.FR.l.lOX, 1PM.0IL JET TEMPERATURE,' 

SPCR»0»0*om 
•R6R«0b0*01RT 
•PCR»0»0»0>1» 
SP6R»0i0*0tl« 
•P4R*ORO*n»oa 
•F6R»tOO*0»0l 
8P6R»U0*C»0( 
•POR»ltO*0*01 
$P6R»110*0»0» 
•PCR*i»o*a*ot 
8P8R»l»0»0»nk 
8F8R»ik0»n»0> 
8P0R»iT0*ft«DS 
8P6R1180»0»0* 
8Pr.R»lRfl»n»lO 
8FGR»(00*0»U 
8P6R«I(0*0*1( 
8P6R*II0*0*tl 
8PGR»(»0»0»l» 
SPCR*(iO»0»ll 
8P0R»(k0*0»lk 
8P6R»i70»0»l» 
8FGRl(S0»p»lt 
•PBR»IRO*0»1R 
8P6R*ieO»0»(0 
SPOR*It0*0111 
8P6R*1>0*01(( 
SPGR1I10*0*(l 
SPGR*110*01(1 
SPORlltO*»!» 
8POR»IfcO*01(k 
8PGRll»n*p»(» 
OPORl180*01(8 
8P6R«I*0*ni(l 
8P6RllOO*nilO 
SP6Rl»lO*nill 
8PeRl»(0*AlI( 
SPGRll10*01II 
8FBR««ie*0111 

Figure H-2.       Listing of ground spur gear 
computer program (cont'd) 
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imiiiMuini WIMWitlHiilWS-W*^^ 

ItlO 

itto 
c 

»00 

fCllMjt   |///II.2*10(11II2410/1<I»*I0/) 
F0»"*t   (11.ril.«,ttkt,'•,*)) 
rQRvtr (titltWiiFi.f.!«•»»,iiiiiEiai*«tx«r»,D.ti 

• in.f'.i) 
rO*i«T   (///«>,*«.i>in/) 

CONTINUE 
END 
SUMOUMNI  CDV«0L   (»OtL«»»,er»»,Ort6,l»X»O.«'O0, 

OIMtNIION  »OCtl>»»(«»>«.»J.TO»(»0),   0»M<«im).0»ISt«»»),l»W(JO), 
• »M«(io)««i(*o)fM»iOD(»o)l«xFO(iiw»i,f)(D'*(«atiOrc(«a) 
04t»   J«H,|«l«,|«H,Il«k   /«M   ■   IfJ ,4M   ■   P{ ,«M   ■   fl , 

4M   ■   It / 
COMMON  J»,JB,JC,J0.''«M»<P1,«N,M»I,I»»M»,I.OU,U1N,»MP,*NC,0B»,OB6. 

■       nODS6lCMaTD,»f»(l>I6l<t*M*,0»t ,»!,*<• I XT .BIT 
MM«|a|l 
«*•<!■JO*t 
JaO 
■NUMMO, 

C»LCUL*TI OEVklCTIONI, MKl) 

00  t   fltJO 

o»9(i)»o»»e<i)«i"N 
Tor(i)MOM(i)*ore(i) 

CONTINUI 
MODiriCATIONt 

'0(11 

(N)aN0RM«L  CONTtCT 
MQDaO NO MQoiriCATION 
MnOai MODI»T COR  «NO PINION  M» 
MOOat M0DI»r PINION TIP «NO ROOT 
MOOal MOOirv  ce«a   TIP  «ND  BOOT 

PM6(I) 
PMPd) 

LfiLl 

8PC<l"»»tO*0»J» 
8PCM»kO»n»Ih 
8P6«<H»0»0»1» 
SPe*««BO*(>*lB 
tP6R**4O*0*lN 
•PflR«ioo»o«»a 
SP0R*ll0*0*»t 
SP6R4f(a»n«*t 
SP0)I »110*0«* i 
tovBi)00o»a**« 
kOVROOIO*0**t 
LDVR00t0*0**fc 
L0VR0010*n«*T 
kOVRoo*o*o*»a 
tovRoaio*a»*N 
LOVR00b0*q»tO 
LOVR00T0*0»fl 
L0VR00B0*0*l* 
L0VRB040*n»Bl 
tDVR0100*0»B* 
LDVR01t0*fl*tt 
LOVRnifO*0*fh 

«NO  TOTAL  OCPUCTIONB  TDPtOV«0110*n»k» 
LCy»oi»o»n»s» 
LPVRqi(o*n»ta 
LnvRoitiO*o*hn 
LOV«01TO»0»kl 
COVR01tO*n»hf 
LDV«OJ*0»0*H 
LOVRnZ0O*0*b* 
lOVROIlOkn*k« 
k0VR0?20»a»bb 
l.DVflO«10*n*h» 
lOVR02«D»n«hB 
(,nvRoiSO»n»fc« 
Ln«RaikO»0*TO 
LOVROI»0»n»71 
LOVROIBO*«»»! 
t,DVROMO»n*»l 

TIP MOOIFICtTIONS«     «-C   (N) 
BOOT  MODIPie«TION|4   B>0   (N) 
(PMP(I)   IB  MOO,   POP  «NGkt   ONI  B«8t   PITCH  ««tv  rROM 
»NSH  «HIRE  PM6(I)   IS DCTIRMINIO) 

POINTrRB  TO  «OUR«».   PI*«   «NfiLtt   (COL   1)   6t«»   (COL  I)LOVR0100*n*T» 
LOVROS10*n»»l 

C(NfR«L  eQU«TIONS,,l       PM6(I)   • Pl*((   It     ■ei)/(E*»f1>) 
PMPti:   a P(*((   CV     •tl)/((0>EI)) 

M00IPIC«TION  PttTORB,     Pl,Pt,(l,ll     «RE  GIVEN 
PI  * M0OIPIC«TION  «T  START  OP  eONT«CT 
El  • CORRESPONDING  ROLL   «NCLE 
Pf « M0OIP|C«TtON  «T  END  OP   CONTACT 
El ■ CORResPONPINC ROLL  «NCLE 
It   •   ROLL   ANCLES      AaC   (N) 
I»  • ROLL  ANCLES     B-0   (N) 
EA • OIAB  OR PINION  «NGLES   AT  POINT  ■*■ 
(0  • «EAR  OR  PINION  ANCLES   AT  POINT  «0* 
J POINTS  TO  «NGLES ONE  BABE   PITCH  ANAT  PROM •!• 

LOVR01IO*n»Tk 
LDVR01I0»(<»;» 
LOVR01»0*rii|»S 
IDVRBI«0»0*T4 
LOVROSkO*0*BO 
L0VRO<T0*n«Sl 
LOVRniBC»n«RI 
LOV«inj<in»n»P> 
I.OVRn»0O*n»*« 

EBCP,EBCC LDVRn«ia*(|«BI 
EECP,ECC6  LDVRO»IO*n«Bb 

TOPES a  TPP(JS) 
IP   (MOO,E«.0) GO TO ?0 
Lia| 
L*il 
IP   (MOO,10,1) Ll«l 
IP  (MOO,I«.I) Liai 
IP  {«AMR.eg,|)  co TO i« 

L0VRn»)a*O*BT 
tOV>n«»B*n»BB 
LOVRn»BO*n*B« 
|.OVROi»liO*n»«0 
L0VR0*»0*O»Nt 
LnwR0»BO*O»Re 
LnyRovao*«**! 
L0«HOS00»P»4» 
Lt>VROI10*0*<> 
L0VRn«I0»0MI> 

Figure H-Z.      Listing of ground spur gear 
computer program (cont'd) 
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10 f» ■ »nuMycjt.Lit 
(0 ■ *0Lkl)*V(JD.LI) 

•■irr   (lou.w» PwiMif'iiiMo.ci.iMttlt.iMk 

CAICUIATI  MOeiriCATIONI 

Ik jaj|«l 
00  10  laliJC 
JaJ*l 
lX*IIOkk«tV(Iikl> 
irotObWo*t(jii» 
Mod)  m »l »  ((|l>It)/(l««ll)) 
PMpd) • *< * ((cvei)/(EO*ci)) 

jr(M6(n.LT,o.o) PNeiDae.o 
!rj»M»(n,lT,0,O»   »••PdJaO.O 

iO   CONTtNUC 
Jajiot 
ir   (MOO.tO.I)  00  TO  kO 

C*Leut»Tf   * 10*0  Vi  KOLL  *NCte  FOR  SC«M  »ITH  TOOTH  «OOtF, 
THtr toe out am »ITCH «MOT 

to oo ii tn.je 

•KM) ■ HN*((TOF(J)*RMP(|).Me<t))/(TOf|l)*TOr(J))) 
«IX(.I) ■ HNaNVd) 
I» («XdMT.O.) M«OKi»I 
IF (•■(J).LT,0.> MtRKMMtRKI«! 

t« CONTINUE 
GO TO 10 

FQN MOOal 

kO 00 kt tat.JC 
Jaj*| 
«x(I) a «N*((TOF(J)*RMed)<RMd))/(TOr(|)*TOP(J))) 
N«(J) a «»•■«(I) 
IF (RXd).LT.O,) MARRial 
IF (■«(;).t',0.) M*RldaM»RKl«t 

kf CONTINUE 
GO TO IP 

CHCULATE  t 10*0  Vt  ROLL   «NOIC  FOR  SE»RI  RITH  NO  MODIFICITIONO 
TM*T  IRC ONE OtlE  RITCN «FART 

>0  Jmjfi 
00  It  lal.JC 
Jaj«l 
ai(t)  a ■N*(TDF(J)/(TOFd)*TDF(J))) 
»«(J)   a aRoird) 
IF   (KKdJ.LT.O.)  RtRRlRl 
IF   («XJI.LT.O.)   MtRKHMtRKI«! 

»t  CONTINUE 

e*tciiu*Te Loto v* ROLL «NOLE FOR «LL «NOLEI OF 
SINGH TOOTH CONTACT 

00 «lajCU 

LDVRO(IO*0«R* 
LOVRet*o*o»Ra 
tO»RO»tO*OtRR 
i.ovRotko*otee 
kOVRoi»«*ofet 
LOVRDttO^PtOt 
(.OVR«tRO*Ote> 
kOVROkOO^OtO» 
kOVROklOkOCO« 
kOVROk*0*OtOk 
LOVR0kl0*0>0F 
lOVROk«0*0«00 
LOVROklO»OIOR 
LDVRPkkOapttO 
LOVRPkFO»0tll 
LOVROblOaptK 
UOVROkR0*Otll 
LOVROFOOaoll* 
kOVRO*tO*Otll 
LDVROTIOkfltlk 
LOVRO»tO»atl» 
LOyRO»»o*ntiR 
LOVRBTtO*R«:9 
LOVRQTkOaoiOO 
kDVR07F0*nm 
lOVROTROaPltf 
tDVROFtOaoUl 
kOVROIOOaptt* 
LOVRROlOaOtll 
LOVROtlOkpttk 
tOVROIlOaoHT 
LOVROitOaoKO 
kOVROOIO*0(tR 
LOVROtkOaottO 
kDVROIFOaotll 
kovRniaoaptsf 
LOVROttOaptl» 
kOVROROOanll» 
kOVROtlO*Oll* 
kOVRORfOaotlk 
kOVRORIOaptlT 
kOVROttOaoflO 
kOVRORtOapllR 
kOVROthOaottO 
kOVRORTOaom 
kOVRRtlOanltl 
kOVRORROaoikl 
kOVRtOOOaOtM 
kOVRlOloaolti 
kOVRlOtOaflftk 
kOVRtOIOaOt«? 
kOVRlOtOaeiaO 
kOVRlOIOaottt 
LOVRlOkOaoltO 
kovRiomeui 
kOVRIOOOaottf 
kOVRJOROaott» 
kOVRllOOaoff* 
kovRiuoaen* 
kOVRtKOaotlk 
kOVRlllOaOttT 
kOVRil»0*OttR 

Figure H-2.     Listing of ground spur gear 
computer program (cont'd) 
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00  ■«   IaK|«l( 
■Kit   ■ M 
MM0D(t)a0. 

•t  CONTINUC 
ir (Moo.rt.o) «o TO no 
JaJII«! 
00 M  lalfJC 
JaJ*l 
MMOOmaWWMI 

M  CONftNUC 
1»T MMITC   (kOU.1001) 

DO   1(0  tattJO 
«•iff aoiMooi) iidOUOAvct^ifjai»«), orptii. Drsdi.Tord)« 

• aKD.MMOOd) 
IM CONTIMW 

ir (MOO.OT.B) «o TO ret 
no MiTt (Lovaoeo) 

00   100   lal.JB 
■•ITI   (LOU.IOOU   t,(iOkL«*V(l,J),Jat.t),  OM(I).   DrSID.TOrMI« 

• ««(I) 
100 C0«TIMUI 

1000 roft««T   (///?«• 10NII0U «NeLCOitOXrllHOCHICTIONtrlOlrtMTOTH» 
• »«.♦H|.0«0/kM,kMO»IVft,IX,l.«D»tVlN,»K,*HD»I»<»,«X,*MO»IV|N.I«, 
•ItHBEFLCCTIONItKttMPORCr/i 

torn roo«*T (ti,!!.   u,n,i,**,n,i,n**,i*,iut*>r*,ii 
1001 rOMHAT   (IM.If     (ll.r«,!,»«^!,»,!'*«,!«,!),»^!,^!«,!«,!) 
loof »oo«i»T (///7ifi*Hanu      »»•6i,ii,io«.iiHOfrt(CTlo«(«,io«,«MTeTH. 

• »«.♦M|,O»O/fcX,kH0»lVlt.l«,»MO«tVlN,7X,fcN0OIVM,«X,k»<O»lVeN,t«, 
•llHUrLICTtO*t|,»,lHrO*Cf,OII«llHMOD|PICtTIOMI/) 

«Ot   IP   ("*H«l.lO,D.«H0,M««l(l,6T,J0)   00  TO  1*0 
»1«   IP   (M«OKl.«T,Jl,0*aMtllll|,i,T.JD)   00  TO  >10 

MlIoaaO0O<«aN 
IP (MAONi.ea.oi 60 TO (io 
IP   r*M(»l(JM)tST.a«Ift)  60 TO 110 
IP   (MtRKI.CT.JD)  60  TO III 

<(0  IP   («■•(MI(JD)),6T,*IIX*)  60 TO 110 
MX(J0)a0, 
IP   (MAUKX.eO.OI  60  TO  1*0 

HI  MKJJtiaO, 
60  TO  f»0 

>10 MMaaMHP«! 
IP   (MAOKt.fO.O)  60  TO  (II 
IP   (»••«l.OT.UT/o M TO (10 
rPlaOOU"*T(*«OKlrl)  • ••« 
IP a •OUMT(M«ft«l*l«t)*ON 
Ul a «••(al(a«*K|)) • (IP •ePi)/(«li(«**Ki*i)*«M(M(M«PKl))) 
CKPatPl«Ul 
IP   (MMI.OT.JO)  60  TO (*0 
«aJO«M«|IH|*| 
I'   (K.Of.llT/O 60 TO (10 

(M rMO0LlMV(N«0Nl.|)**N 
(PlaHOtkOAV (MtOIC !■! , |) «ON 
U(  a  «KMMlll«!)   •   ((P*(Pf)/(til(M*atli«l)*«6l(MI(M«»Nt)>) 
fCCMKP(*U( 
60 TO («0 

(10  »«iTf   (kOUiTTT) 
»>»  PO*«*T   (/////«IN 

STOP 
MO 00 (60  lat.JO 

MtPodttlamin 

P(06MM TERKIN*TI(f   NtS,  kO«0( HCCeO  UT/d 

lovaiito»ai«4 
kOVPiiko*aiko 
L0VRtl?0*0lkl 
iov*iiie*oik( 
lovRii«o*mi 
kOvrtteo»oth* 
LOVRKin»«!«.« 
LO¥Ul((0»"»kk 
LDVRl(IO*alkT 
kOVRim*Otbl 
lOVRi(IO»Otb« 
LOVRl(kO»nt7a 
L0VRl(TO»n«ll 
kOVRl{IO*0«y( 
lDVRlM0»nll3 
kDVR1100»n«*» 
LOVRlltO*a<n 
LOVRll(a*niTb 
t.0VR1110*0(77 
LDVRll*0*n«VI 
L0VRllf0*nlM 
kOVRllkOkOilO 
LOVR11TO*OII1 
LOVRllRa*nSR( 
LOV"H«0*OSR1 
LDVRl*on*aU* 
lovRi*io»atit 
LDVRl*(0*nSik 
LDVR1*10»0IIT 
kOV!«)"! 0*0110 
lO»RiVfO»flli* 
L0VRl«k0*nt«0 
LOVtl»>0»0»*l 
LDVR1*I0»06R( 
LOVRl*<0*n«M 
kDVRllOO*nlM 
LOVRiiia*n««t 
kOVRl«(0*a«Rk 
kDVRlllO*ai<T 
lOVRll*0*QfM 
kOvRiiSo*ntM 
kOV*llkO*akOO 
kOVRlfTO*nk01 
LDVRlttO»nkn( 
kOVRli<0»nhOI 
lDVRlkno»nkO» 
kQVRlkl0»nkOI 
kOVRik(0»nkak 
kOVRlklOftnkOT 
kDVRU»0*nkO( 
kDVRlfct0*OkO4 
kOVRtkkO»flkin 
kOVRlkT0»nkll 
kOVRlkRO»nkl( 
kOVRlkRO*akll 
kDVRl»00»Okl» 
kDVRl?10*0kll 
kOVRlT(0*aklk 
kOVRttlOftOklT 
kOVRlMO'Dkll 
LO»Rl»SO*(lfcl« 
kOVRl?kO»nk(0 

Figure H-2.     Listing of ground spur gear 
computer program (cont'd) 
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IWWIWWIWIWWIWWMIIIMIIWIIIHWIIMIWIIIIH  

(10  CONTlNUt 
RtTu»« 
IHO 
•UMOUTIMl »HI   (OeC»     .M,T,«OI".OH.OII,Oi,P«,MI(,«N,«f«»I,        I», 

• i»i,»i»,jo.»"i«t.feo,iiM> 
Ot^MtlO« BfC(R«N),F(llllM)>N(l*a),lDIN()IRM)«T(llllll).Drt|K>B)> 

• o*(»o).»v(»e).rcoc»a).o«c»oj 
OAT«   Itlt*  /kH«|**     / 
PO   10  1»1,J0 
ft ■OO/DCCd) 
rat     ■«;*ii(loiiT(i.«(M)**i)/rr) 
rtt     ■«INtrR«) 
'CO(t)«COI(M*) 
r»T       aril/fCOd) 
'(I)   arRT^OR 
ovfi) ■ oi/cotcrcn) 
• V(t) »OVd)»,! 

10 CONTtNUC 
tUtL tUIROUTINn «V «NO ■I«« ■M[N,>. 

*0 C»LL "I (00,0«,»»»I,»SU.«,»» 
C*lU •«*«       (»V.T.M.IIOIM.Dli.l.rfRrHI.RRB.JOi 

to DO kO f»l.JO 
T<aT(n*l, 
D»Sfi)»j»,o/(t*^»tM»((M(i)/Ti)j    »cot(»tn) 

kO eontitui 
RfTuRN 
r«to 
suoaOuTiNi «(*K (»»,i.N,goiM,o»,K.v.ar»«,i«»i«,jo) 
OIHflHSION  T f««»), «(«I") i »¥(«••) i «Dt •"(«»■), 0« d«»»), »L»H«(»0) 

8UB»0U»INt  «t*«   C«LCS,   TH|   01*.  0'   TH|  KftKtlt   ItCTION   (OR)  91 
llSCHjniHt   TMt  L>R6(IT  »»»»BOL«  THAT  «Ilk  »IT   THE  CttR  TOOTH (MtPC, 

00   »0   latfJO 
Ak»HA(I)i.l 
DttT»       ■,! 

ID  V   a   S|N(«I.PH«(I))*RFH 
VI   «  »0«T((RFM)«*t.(v)«*l) 

T ••  MtLF CHORD »T THE HftdEST tetTION 
T(HaK«»l 
»»•T(l)/(JI>«(»(.PH»(l))/COI(»L»H»(I)>) 

M ..  TOOTH HEIGHT FROH MEMCIT SECTION TO VERTE« OR R*»«iOH 
H(I)atR»(n.y)»» 
V«R«V**,I 
IF (Y*P«H(I)) »O.llilO 

10 M.RHMI)aM.RH«m«OtLT* 
OCtT**.l*OfkT* 
IF (.00000001*OELT«) 10.»0.»0 

10 »LRH*(n»»LRH«(n»0HT« 
CO TO 10 

«0 VRayav 
Dt     mm    MEMCST IECTION 0I*H(TER 

Oat I>«»8RT((»B)««I«(T(n)••!)•», 
Oa«T*N(H(|)/T(I)) 
Qal.tTOTRkll«« 

XOIM*   X DIMINSIOR 
XOIH(I)BT(I)*(»IN(0)/C08(0)) 

10 CONTINUI 
RE TURN 

(10 
SUSROUTINt (V (OB.DR^RFMt.RBKil.V) 

LOVR|TTO*Rk(I 
LOVRlTiO*flkH 
LOVRlTRO*Ofcti 
RHI nooo*okt» 
RH| OOtOfrOk*« 
RHi ooro»nkik 
RHi on«o*nkiT 
RHI 00«0»nktR 
RHI oomoktR 
RHI 00kO»0kI0 
RHI QOTO»Okll 
RHI O0i0*0ktl 
RHI OOROaOkll 
RHI 0100*akl* 
RHI OltO»nklt 
RHI 01tO*Oklk 
RHI 0110»0klT 
RHI ai«0»Oklt 
RHI 01fO*Okia 
RHI DlkO»Ok»0 
RHI ni70*0k*t 
RHi ni(o»ak«r 
RHi aiaa»pk*i 
RHI 0(00*Pk«* 
RHI OllOapkO« 
RHI OI(0*Ok»k 
RHI BfIO*nk*T 
RHI BI»0»Pk»R 
■E*RO000*OkM 
al*K0010»OklO 
i)(«ROOfO*Pkil 
HF«KOO«0*nktt 
M(*Koo*r*ok(i 
<>[*K0010*Pkt» 
NE*K0BkB*Bkt« 
HE*KB0TB*0kSk 
NE*KBBSB»aktT 
■EAKBBRBkBktB 
HE*KBlOO»flk»« 
H[*RB118»nkkO 
NC*K01<0»Bkkl 
«C*R0110*Dkkt 
NetK0l«0*0kk> 
HtAllPltO*akk» 
«etK01kO»Okki 
NE*K017B*0kkk 
Me*R01BO*0kk* 
Ml*R01R0*BkkR 
RMKOIOOfcRkkR 
■l*K0I10*DkT0 
«C*ROI(0*OkTl 
■e«ROIIO»PkT( 
Nt*KO(*0*OkTl 
NC«*OtlO»nkTa 
RI*«OIkB*BkTI 
He*R0ITB*nk7k 
NEtRBtBB»0k7T 
■E*KB24B»0kTS 
N|*NBIB0*nkTR 
■E*HBItB»BkBB 
ME*NBl(B»SkBl 
XV     BBBB*0kRt 

Figure H-2.     Listing of ground spur gear 
computer program (cont'd) 

247 



-.,--f-f;,".;■-V!*» 

•UMOUMMC  IV ••CHCM.tTIt COO«OI*i*TCt TO «NU« or   MLUT ««OIUS 

l*  (HH) I0,ii»,l» 
I« CMa(PI/t.)/H 

eMta«T>ll(tWT(ia«(CM)**l)/CM) 
OMtM»T((H)**t>(OI/r,)<««) 
«•OM»KPH| 
MtMMT((«)**l*(DI/l.)*«l) 
»■(0I/I,)/M1 
e*««a*TAN(U»r(|(«(C*)**l)/C*) 
7C<a(ltN(C«*«)/COt(C*»t>)-C«*< 
M(CM*>e**A)«fCt 
?*»•«■»•**• 

ti i«stM(r«M*i*M 
va(0ICf*M«)*M 
HTuRN 

If  ■«■(Da/«.)*lt*('»R) 
r«»ita((i««rNtt/M 

co TO it 
MO 
SUMOUTINC  «OLltMe   (VO«I*,Zft«H0iOO^U>OO6l»*<M(FXTt 

• ,(»0HII»T,(»H0^,»M06,0eC^,0lC6,V8,VT 

DitteNIION  IIOlt**Y(lll>Hfl)|ITNOr(«»N)>"NOC(K*«)iVa(HllN),VT(K««). 
• OICP(KIIM)fO(C«(KI)H) 
COMMON J*,JS.JC,JO,MMP,P|lIIN,riM(MMP,|,OU,LIN,*N'«*NC>OltP,Oac, 

• 00086,CN8T0,nPf«8.«L»H«,a»*,»l,»t,I«T,BeT 
•UiVOuTINe «0kl*N8 

CiLCUL»TfS,,J,  (MtlOM 00.M«» 
(,   *Oll  «NOLII 
1,   MOrill  CONTACT  *«TIOS 
«, ««oiui or cu»v*Tu«e roii [«CM ROLL «NOLI 
t. Kiomc vCLOCir» ton EKM »OIL «NCLE 
k, SUM VEIOCITV fO* EACH ROLL *N6Lf 
y,  OltMETE* <T iN6«6(MENT CONOITIONt COB EACH ROLL 

«MSkl 
METHOD Or C»LCHt*TlNG ROLL «NCLEt 

1. rOR KtMRal      «CtLCULtTE RKNIOk ROLL «NCLfS »T H«|N POtNTSROLlOlTOknm 
roR ««MRsr      «(ROIL «NOLIS «RE TO Bl RECALCULATED «re*UI(R0LLnilO»nrif 

Or t NfCATIVf LOAD) • CALCULATE MAIN     »OLl.01«0»om 
ROINTI XITM ADJUSTMENTS Ul AND/OR Ut     B0LL'>«nn»n»«» 

I,   USING THESE VALUES CALCULATE ALL RINION AND CEAR ROLL ANOLM ROLlO;iO»n72S 
RaLLO?fO*ni»R 

BErjNiTioNS or VARIAtLES roR SUBROUTINE ROLLANC 
«AM» • i , «OLL AN8LES CALCULATED NITH NORMAL CONDITIONS 

• f   ,   ROLL ANOLES RECALCULATED «ITM NORMAL CONDITIONS 
(MAXIMUM) 

oaie»okti 
flO(e»nM* 
OOBO*OkM 
oo*o»nkifc 
nolO*OkST 
OOkO*itkOB 
ooro*nkB« 
ooao»okRB 
OORO*OkR| 
«|BO»nkR( 
01iO»Ok«S 
ai<o*nk«* 
OlIOftflkRI 
ai»0»PkRk 
OltO*OkRT 
OtkO*Ok«B 
OITOtakRR 
aiRo*oreo 
niRO*nroi 
aioo*nrne 
0«10*n»0> 
arto*n?o* 
n«ia»nrp< 

»OLLOOiO»n»r» 
»0lLOO«O*r>»O« 
ROLLnoia»nvio 
ROLLOO*D*nril 
R0Liaoto*n7ir 
RPLL00kO*n7ll 
ROLLnoTOknTl* 
ROLLODSOknTlf 
ROLLflO*n»n7ji, 
BnLLOino»P71T 
ROLLniin»r»it 
»OLLOiro»«)»!* 
ROLLnilOtnXD 
R0LL41*O*n7fl 
ROLL01Sn»n»^* 
R0LLnik0»nTf1 

«» 
»T 
«r 

XT 
xv 
X» 
XV 
xv 
i» 
«V 
XV 
XV 
XV 
XY 
IV 
»» 
«V 
xv 
I» 
»» 
»» 
IV 
IV 

AMMMA •RROriLI CONTACT RATIO 
AM»« I ■RRtriLt CONTACT RATIO 
RINION  SEAR 
rn»>.A  EOCMI ■EMILON OD MAX DRIVER 
fOR»!  ro«MA •IRSILON OD MAX  DRIVEN 
ONERB  ONFRBG ■ONE SAS» RITCH 

ARRAV DESIGNATION 
ROLLRAV      COL.l •DRIVER ROLL ANGLES 

COL.f «DRIVEN GEAR ROLL ANCLES 
vs •SLIDING VELOCITIES 
V» •SUM VELOCITIES 

(MINIMUM) 

ROLLO« )0*0M<< 
ROLLO««0*avU 
ROLLnrkD*nm 
ROLLaekO»prii 
»OLL"'»»»"»!» 
ROLLMSIWI« 
ROLLttROknVik 
ROLIOJOO»«'»!» 
»0LL0110*'.»1R 
ROLLOira»pT«« 
RaLLn*Tfl*nT«0 
R0LLni»O*nr»l 
RnLL0<fO»nT»r 
ROLLaikO»nr»l 
ROLLOira*nT*» 

Figure H-2.     Listing of ground spur gear 
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C              »INTON     BEftR ROLlOlBOkBTOB 
C            DEC»         0IC6                     •DUM{TE)II  »T  |N6»6e«»tT CONDITIONS R0Lk0l«0*O»> h 
C            «MOi          »HOG                     ••«DM  OF  CUKVtTUM ROLl0»00»O»»» 

ROttO»lO»0»»B 
ROUB*IO»aT*R 
ROLLO»IO»0»IB 
ROki.a*»a*(iiBi 
ROLkO<>10»rtSt 
ROLkO»kO»lin» 
ROUS«TO»aM» 

fOP"«  ■ SQI»T((0gPM«/9M)<«l«l,)   /RN R0LkB«80*nT|l 
CO(HA  ■  SORT((DOOM«/DI«)<*l«la)   /R*t ROLkB»<0»oTtk 
COR>]«(l.«(VO*HO)«ISRT(DO«Mt*006Mt.(OI6*DBO)))/DBR /RN ROLkOIOO*OTI7 
roc- l«(»,«(y0»W0)»80RT(00M»«00R»«»»(0»R» l)B»)))/DB6 /RN ROttono»n>si 
ONfX»  ■  ».«(RB/OBI») ROLLOteOkOW 
PNCHPC  •   t,*(PB/066) »OLtO»10»0»kO 
60  tn   (i.lO)   K*MF ROLLBttOklttkl 

ROLiaSIO»r«k( 
C              "»I«  POINT!     (ORIVCR  Mill») R0LL0lkO»0»kl 
C                                         D ROLkOtTO*on» 
C                                      /tlCP ROkkO»iO»OTkS 
C                                    8/                                     »»C,   8-0 OOUBI.E TOOTM CONTACT ROLkOtROkOTkk 
c                      /tfsp ROkkOkOO»OTkT 
C                               C/                                                     C»B 81N8U TOOTM CONTACT ROkk0ktD*aTk8 
C                             /EBSP ROkkOklOtOTk« 
C                          »/ ROkkOklO»nT)0 
C                             tBCP R0kkOk*0*a7T| 

ROLlOkiOkOTT» 
C            »INtON     IK«"     NO.       BCTNltN  «NO   INCLUOINQ  POINTS... ROkkOkkO»n?T1 
C              C—         l«G       I«T       ««C ROkkOk'OtO??* 
C            UTP      E8TB    K<T      e»8 R0kk0k80»0»»5 
C             EN»         fN6       ;>r       R«D    (ONE  B*8E  PITCH 
C 

PROK POINTS «•O R0kk0k«0*0T7k 
ROkkOTOO^OTTT 

S  FBC»  «   (VO.r»)          '   (OBP/I.) R0ktO'10»fiTT8 
«BSP   ■   tVO«rR»PB)   /   (DBP/e.) ROkkOWOM)?»« 
EfS»   •  EBCP^ONEBP ROkkOT10*DTRO 
cEC*  •  EBBP*ONEBP ROLk07»0*OT81 
I XT  •((l..(PB/(I»»Z»))>«IO,».l)/E»» R0kk0TSO*DT8{ 
IP   (IXT.tT.I)   1XT»J ROkkOTkOkOTBl 
K«T»?0.»«IXT«l ROkkom»nm 
J»»l ROkkOTBPtnTil 
JC»)»«IXT ROUOT*0»nT«k 
JB*J*«JC*KXT*1 ROkkOBOO*nTtT 
J0»J8»1XT R0kk0fia»nTR8 
CO  TO  ID R0kkBBtO*0'B« 

10   TP   {"»PHI.EO.O)   60  TO  If ROkkOiia*nTRa 
ECS*  ■ EBCP*ONEBP R0kk0f«0»a7<l 
IF   ("»»KJ.BT.JO)   00  TO 10 »0kk0i50»P>«» 

IS  FBSP  ■  EECP*ONEBP ROkkOBkOkQTO 
fO   DO   10   I«1,JC ROkknsmpm 

J«I.J R0kk0880*aVRS 
K»JP*J ROkkaBRO*0V«k 
E-P  • EBCP  ♦   <(EBIP.E8CP)/IXT)«J ROkkPRO0»0T«» 
t-O  •   tVO«HO)/(DB6/r,)  •  (tMP*UNP/tN6)) ROkkn^lOkOTOB 
INP ■ EMP * ONEBP ROkkO^OkP"1» 
(NG • EM6 •  OXEBPC ROkkOR10*PllOD 

t R0kt0«»0»0lOl 
■ OLLRATd.DPtHP/RN R0kk0R80*0B0( 
»0H.R»»(I.»)»EM6/»N ROkkO<kO*RB01 
ROl.LR»TCI<in»ENP/RN ROkkORmoBO« 
R0LÜUT(K,|)*EN6/RN R0kk0«B0*0B0f 

10  CONTINL'» R0kkO««O»OBOk 

Figure H-2.     Listing of ground spur gear 
computer program (cont'd) 
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«faul*! 
DO  It   IM.K* 
JiUl 
K«je*i 

rare • (vo*i»o>/(ot6/t,) • HTM«»*»/*«) 

■Ol|.*AV(H(l|«ltT»/IIN 
•OLL«*V(H«l)atlTC/IIN 

II  CONTINUf 
IK««l»OU"»*»(J*.   >   •  *•• 
«"»n»  ■   tUI*6»(M0»»«l»N.r«T»>)M»N»»(l0»M«««(tt(«MT»m/(»,<.»U 
««•«I   ■   ((*N6*(IIC0 •rxTt))*(tNM(t[C» «FIT*)))/(C.*ri) 
««tTE     (LOütlOOb)   C«0H,»«Y(J».l).t»i»«).e»OU»*V(JC,J),J«J,«), 

• (»cu.»«r(ji,«),K»j,i),(«ou»*T(jo,i,),t..j,»), 
• »0»««,loo« t.ropxi.ioe»«. »<«•••», »M^»I 

• OUl0OO»0iO» 
i)OLkioio»ntai 
•OLL10IO*Oia< 
*oiiioio*aiio 
•OLll0t0»0ill 
•0LL10t0»0llI 
«OkllOkOkOltl 
»ouiomm» 
»OLllOIO»niU 
•OLL10*0*nltk 
MOkLUB0*ntlV 
»ouuio*nin 
*0U1U0*PI1< 
»OILUIODIIB 
•OLlll«B»0IIl 
•OlLUfO»OI2< 
•OLLUkO»«!!! 
»OUU»0*Oll» 
*OLkiiio»aii« 
»OULU«0»0»»k 
•OkLlI00*(lt(T 
R0LLU10*0I2* 
«OLLllfO*OlM 
«OLLli)0*fll>a 
»Oi.iii»ei»nii>i 
«0LlU%0»0lif 
•OlLllkO»niH 
■outtratnii» 
■on.uto»ni« 
*nLLlI«0*Otlk 
ROLLSino»oii' 
•OLLlUOntlR 

»o HDirr (koutiooi) 
DO 10   I»J,J0 
EMMVLUVtlilKM 
EtaiOCi***(I••)•*« 
■HOXI)   » IP »   tOM/l,) 
•Hoad) ■ (VO*MC) • RHO»(I> 

r>tcp(n ■ S8i»t(c»«»»»j,) • on» 
oecem ■ i8»t(es««f«ij • o»e 
VS(T) ■ (RMO»(I)*(tMa/t46*«H06(n))* l(Pi*»P*P}/lO,y 
VT(t) ■ f»H0»(t)»(«N#/4N6«»M06(I)))« UPU»P*Pr/*0,) 
■«ITt  (LOUilOOO I,t»0LL«»»CI,J)(J»l.«),RM0»tl),«MC6(n,Vitn. 

• VT(I) 
in cONTimuc 

lOOK  FQRH/IT   (/1X,«0H«0LL   »NGLU  «T  Mit*  »0INTI,,(IH  DCSRCIII// 
• u,r%,»,»H i»cPti*tn,iiS* rote,»«at»" BICIM CONTACT, */ 
•U.M.F.fM  l9»P,%t,rK,t.%*  tmS,>X(IIH>  ■E6IN  UNCLE   T00TM  CONT*CTROLLll>0»al" 
• >                                                                              UH,   C     (LMU)/ ROLLtllO*rt«0 
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Figure H-2.     Listing of ground spur gear 
computer program (cont'd) 
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Figure H-2.     Listing of ground spur godr 
computer program (cont'd) 
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Figure H-2.      Listing of ground spur gear 
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APPENDIX I 
HELICAL GEAR COMPUTER PROGRAM 

Program Goal 

This program examines parallel-axis  helical gears for scoring 
potential.    The analysis follows a pair of teeth from the time that they 
come into contact until they disengage, examining the conditions in the 
gear mesh at many intervals (usually 16) during the mesh cycle. 

At any interval, the instantaneous line of contact for which the 
mesh conditions are being examined  is  divided into several segments. 
The number of segments may range from two to seven,  depending upon 
the relative length of the instantaneous line of contact.    Each segment 
is then considered,  for purposes of analysis, as a narrow spur gear in 
the normal plane.    Loads,  velocities, and radii of curvature are found 
for the center of this narrow spur gear, from which the instantaneous 
conjunction surface temperature is determined. 

Operating parameters are calculated on the basis of static load. 
These parameters may then be corrected for dynamic loads by applying 
a dynamic factor,  evaluated by a method suggested by Tuplin."3 

Program Language and Computer Type 

The program is written in FORTRAN IV language for aCDC 6000 
Series computer,  using HUN compiler and SCOPE 3.4 system. 

Input Cards 

There are nine data cards per set of data.    Data sets may be 
stacked.    The program contains a horsepower loop, so the effect 
on the gears of several equally  spaced horsepower levels may be 
studied. 

The program will handle either the pinion or the gear as the 
driving member.    However,  the data must be put onto the cards with 
the driver parameters in the "pinion" categories,  regardless of which 
member is actually the driver. 

A description of the cards follows.    All units are in inches 
unless otherwise noted. 

259 



:™m!**m*K*9äri*z**&.'<r*i> 

Use driver gear parameters for "pinion" 

Use driven gear parameters for "gear" 

Word        Column      Symbol Description 

Input Card 1 (PRELIMINARY INPUT DATA) 

Base diameter (pinion) 

Base diameter (gear) 

1 1-10 BDP 

2 11-20 BDG 

3 21-30 BP 

4 31-40 BG 

5 41-50 CTP 

6 51-60 CTG 

7 61-70 EP 

8 71-80 EG 

Input Card 2 

1 1-10 FWP 

2 11-20 FWG 

3 21-30 ODP 

4 31-40 ODG 

5 41-50 PRP 

6 51-60 PRG 

7 61-70 RNP 

8 71-80 RNG 

Thermal constant (pinion), Ib/T-in.-sec* 

Thermal constant (gear),  Ib/T-in.-sec2 

Normal circular tooth thickness (pinion) 

Normal circular tooth thickness (gear) 

Young's modulus (pinion) 

Young's modulus (gear) 

Face width (pinion) 

Face width (gear) 

Outside diameter (pinion) 

Outside diameter (gear) 

Poisson's ratio (pinion) 

P-nsson's ratio (gear) 

Number of teeth (pinion) 

Number of teeth (gear) 
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Description Word       Column     Symbol        

Input Card 3 

1 1-10 WDP Tooth height or whole depth (pinion) 

2 11-20 WDG Tooth height or whole depth (gear) 

3 21-30 C Center distance 

Normal circular pitch 

Normal diametral pitch 

Helix angle,  deg. 

Normal pressure angle,  deg. 

DITIONS) 

Rpm of pinion (driver) 

Oil jet temperature,   0F 

Number of positions of the line of con- 
tact that will be studied,  usually 16 

Input Card 5 (FRICTION DATA) 

4              31-40 CPN 

5              41-50 DPN 

6              51-60 HA 

7              61-70 PAN 

Input Card 4 (TEST CC 

1                 1-10 RPMP 

2              11-20 TEMP 

3              21-25 IT 

1-10 FR1 Friction factor from Eq.  (55),  (57),  (59), 
or (61) 

11-20 FR2 Friction factor from Eq.  (54),  (56),  (58), 
or (60) 

21-30 TCON       Temperature difference factor from 
Eq. (69) 
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Word       Column     Symbol Deacription  

Input Card 6 {HORSEPOWER LOOP) 

1 1-10 HP Initial horsepower input 

2 11-Z0 DHP Horsepower increment.    If only one power 
level is to be used,  this must be zero 

3 21-30 HPM Maximum horsepower.    If only one power 
level is to be used, this must be zero 

Input Card 7 (METHOD CARD) 

1 1-10 METH      If only static conditions are to be obtained, 
leave blank; otherwise put a 1 in Col.   10 
to calculate a dynamic factor 

Input Card 8 If METH is blank, leave this card blank; 
otherwise: 

1 1-10 AP Thickness of pinion rim below the root. 
If pinion is solid, this dimension will be 
the height the pinion extends above the 
shaft surface. 

2 11-20 AG Thickness of gear rim below the root. 
If gear is solid, this dimension will be 
the height the gear extends above the 
shaft surface. 

3 21-30 PEP Pitch or spacing error (pinion) 

4 31-40 PEG Pitch or   spacing error (gear) 

5 41-50 PMI Mass moment of inertia (pinion), 
lb-sec2-in. 

6 61-60 PMG Mass moment of inertia (gear), 
lb-sec2-in. 

7 61 -70 PMP Tip profile modification (pinion) 

8 71-80 PMG Tip profile modification (gear) 
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Word        Column        Symbol 

Input Card 9 

Description 

If METH is blank,  leave this card blank. 
If values are unknown from other sources, 
leave card blank; otherwise: 

1 1-10 RN(1) Lowest natural frequency of gear system, 
rpm 

2 11-20 RN(2) Highest natural frequency of gear system, 
rpm 

3 21-30 RN(3) Natural frequency of teeth acting as a 
spring,   rpm 

A sample set of data cards for the helical gear design and oper- 
ating conditions given in Chapter VIII,  Section C,    is   shown in Figure 
1-1.    The pinion was the driver in this example.    The friction factors 
on Card 5 were determined for plain surfaces,   Equations (107) and 
(108),   with a composite surface roughness of 33 jxin. AA.    Card 6 
shows that nine power levels were run,   starting at 600 hp,  and increas- 
ing by 100-hp increments,  to a maximum of 1400 hp.    Card 7 indicates 
that a dynamic factor was calculated.    As a consequence.  Card 8 con- 
tains data.    No vibration analysis data were available,   so Card 9 
was left blank. 

Computer Program 

Figure 1-2 shows the listing of the computer program.    Control 
cards are not included. 

Sample Printout 

Figure 1-3 gives the data printout for the input data of Figure 
1-1.    Results are shown for 600 hp only. 

The first page of the printout lists the input data for reference 
purposes.    The second page gives some miscellaneous geometry 
parameters and a listing of the length of the simultaneous lines of 
contact as the gears pass through mesh; the last column of this list 
is the sum of all lines of contact at any one position.    The next three 
pages give the details of the behavior in the gear mesh for a single 
power level.    For each value of EFF (designated by f in Fig.   7,   Chap. 
IV), data are displayed for that position of the line of contact.    For 
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example, at EFF(3)   =   0.150, the instantaneous line of contact has 
been divided into 4 segments.   At the center of each segment, the roll 
angle,  radii of curvature, sliding and sum velocities, friction, maxi- 
mum Hertz stress, instantaneous surface temperature rise,  instanta- 
neous surface temperature, and instantaneous frictional power lous 
have been determined.    The instantaneous surface temperature,  for 
example, at the center of the first segment is 323. 2° F, the maximum 
for that line of contact.   At the bottom of the last page, the natural 
frequency of the tooth pairs as cantilever beams is given.    This value 
should be well removed from the operating speed for satisfactory 
dynamic behavior.    The dynamic increment and resulting dynamic 
factor are also given. 
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Figure 1-1.     Sample helical gear computer 
program data cards 
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MO«»*« KUICM.   (IN#UT,OUTPUT,T«M»«I«(»UT,T»n*»OüT»UTJ 

OlMfNtlON  ■Oll.MV(tl,t*ilkl,tLIV(lt)(ILrNoak«l)t 
• ••l<l)>M|TM(l) 

COMMON *s(«»,ao«,tof,Cf     tH;n9,tyP,tt,tP,r—,rmPttmi,m»,t*, 
i t*t,x*,*o\.>r,oo»,p**»,*o9,p&,n*,PtP,**i,*t,**i,***,tHt, 
t PMPftf Pas« MPfMäftMMäf VAaMOifHOPfDFOäCtf HNftNATfO 
0»T«   It/«NCC*a/ 
!»■• 
NOUTak 
JHNal 
JPHml 
JPPti 
i»»m* 
JVtat 
JVTak 
jra«» 
JHEat 
JOT»« 
jrciio 
JPNaii 
•la|.l*l«arbt 
• tOMSaPT/ltO, 

i)f»t«iiTto«ts or INPUT v«ai«Hii co» NILICH (r«a UNCM UNITS) 
use oaivia VALUES POP (PINION) ITIMS 
USI  OaiVEN VALUES POP   ttltP}   ITEMS 

nop    a   am   OIAMETES (»INION) 
406 a «m  DUMETES («»») 
nP a THERMAL CONSTANT (PINION),L«,/SSNTCStC.JtN.OES.r 
DC a TMCPM«), CONSTANT (8EA»),LB,/S0PT(8EC,) IN.Of 6,f 
CTP a NORMAL CIPCULA* TOOIM THICKNESS (PINION) 
CTG a NORMAL CIPCULA» TOOTH THICKNESS (6EAR) 
»P a »OUNCS MODULUS (PINION) 
EC a VOUNCS MODULUS ((E^R) 
PHP a FACE NIOTH (PINION) 
PNC a PACE HIDTN (SEAR) 
HDP a OUTSIDE DIAMETER (PINION) 
006 a OUTSIDE DIAMETER (BEAR) 
•RP a POISSONS RATIO (PINION) 
PR6 a POISSONS PATIO (SEAR) 
RNP a NUMBER OP PINION (DRIVER) TEETH 
RMS a NUMtCR OP GEAR TEETH 
•OP a HEIGHT OR NHOLE DEPTH (PjNIONJ 
»OS a HEIOHT OR NHOLE OFPTM (GEAR) 
C a CENTER DISTAN« 
CPN a NORMAL CIRCUL'P PITCH 
OPN a DIAMETRAL PITCH, NORMAL 
«A a MELK ANGLEiDIG, 
PAN a PRESSURE ANGLEi NORMAL.DEC, 
»PMP a DRIVER RPM 
TFMP a OIL JET T(HPE"ATUPE,DEC,r 
IT a INCRfMENTS OP EPf (USUALLT U) 
PR| a CONSTANT FRICTION FACTOR 
PR| a VARIABLE FRICTION FACTOR 
TCON a TEMP. DIFFERENCE FACTOR 
HP a INITIAL POHtR LEVEL, HP 
OH» a ROMEP INCREMENT 
MPM a UPPER LIMIT ON HORSEPONER 
«ETH a USED IF OTNAHIC FACTOR REO'D. 

MELIBBOe»R0Dt 
HtLIOOtOaoOOt 
HCLI0OfO»nO01 
HELIOOIOaOOO« 
HELiao«e*aooi 
H(LIOO«D»0OOb 
HELinObOPOOOT 
HELI0070*0008 
HEL11080*000* 
NELino«o*ooie 
HELI0tOO»0Bll 
NEL10110*00IP 
HELl«i(o»noii 
MELKUIOfOOt* 
HELI01«0*(l01t 
HtL|nito»001b 
M»nPun»ooi» 
HlLI01>O»n0i8 
HELIaiB0*A01« 
HELI01NO*P02n 
HELI0*nn»"0Pi 
HELI0I10*na(t 
HELIOffO*nOPl 
MELI02in*na2* 
HELIoi«o*nn#t 
HELI02«0*nO<k 
HELIn<bO»iap* 
HELI0»»O»nO»8 
HELIOfBOkO'*« 
HfLio;Ra»noio 
HELI0100*«011 
HtLliiilo*no)P 
HELIOI20*n01l 
MiLinnoK'Oi» 
HELI0J*O*nClt 
HELI0K0*aOIk 
MlL10Jk0*003» 
HELI0170*0aiS 
HILI0)80»n0>R 
HELlniRO*nO<)(l 
HELIii*no*ao«i 
HELln^lo»«"»? 
HELIO«?0»nn«J 
HlLIO*30»oa*> 
HELIP**0*nft»( 
HEL:o»*j*no»k 
HELIO«»<0»10<>7 
HELIP«70»PP*B 
HELI0<80*nn»« 
HlLia»ao*(>OkO 
NELI0fno»nOil 
HELIStt0*n0t2 
HELI0tP0»00&l 
HELIOtlOOOt» 
HELI0t*o*neti 
HtLIOiSO*(iO«k 
HFLInfk0*00S7 
HELIOI70*00(8 
HtLioiso*nai« 
HELI0tR0*(<akP 
HELIOkOO*OOkt 
HtLinktn*nPkf 

Figure 1-2.     Listing of helical gear computer program 
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IP 
tG 
•C» 
»16 
**l 
6« I 
»HP 
■ MC 
«M(|) 
«••(() 
•Ml) 

«00 
toe 
•OP 
POG 

7* 
vO 
V« 
<* 
• M« 

i» 
I 
npH 
tP' 
ZD 
tt 
l* 
PHP 
TMP 
• MQP 
• HOC 
•Mor 
•»NGLP 
•ANGPL 
•1NCPM 
M(».) 

»t»0 JMPU 

THlCKNtSS OF Rt» BCLO» POOT (PINION) 
THICKNFSS OP «IN HfiOM ROOT (er*») 
»ITCM  (»DO»   (PINION) 
PITCH  t»»0»   (6t*») 
M«8S  MOM(NT  OP   INI»m  OP  PlNION.tS.StC.jg.-IN, 
M»S3  MOHfNT  Of   INt»Tl«  or  6S«H,LB.»tC.S0,.IN. 
P»OriLf MODIPICATJON (PINION) 
P»OPIL( MODIFICATION (St«») 
tOMfST |M*FT NAT, F»tO,.»PM 
HISHF9T   8M4FT   NAT,   FKIQ.fRPM 
TOOTH  SP»1NC  N*T,  F«rO,i»PM 

I OP P»{tIMIN*»T CALCULATED VA»IAHLES FO« HELICAL GEAR 

AOOENOUH (»INION) 
AOOENOUM (GEAR) 
»ITCH DIAMETER (PINION) 
PITCH OIAMETE» (GEAR) 
»ATM or CONTACT IN APPROACH 
OISTANCf '»OM FIRST INURrERENCE POINT TO PITCH POINT 
OlSTANCt FROM FIRST INTERFERENCE TO START OF CONTACT 
OISTANCI »ROM SECOND INTIRFERENcr TO START OF CONTACT 
RASE MEL I« ANGLE 
PATH OF CONTACT IN RECESS 
PATH Or CONTACT 
NORMAL BASE PITCH 
TRANSVERSE BASE PITCH 
DISTANCE FROM PITCH POINT TO LPSTC 
DISTANCE FROM PITCH »DINT TO MP8TC 
•EDUCED MODULUS 
FACk CONTACT RATIO 
TRANSVERSE CONTACT RATIO 
RADIUS  OF CURVATURE AT CONTACT (PINION) 
RADIUS  OF CURVATURE AT CONTACT (GEAR) 
EFFECTIVE RADIUS OF CURVATURE 
PINION ROLL ANGLE 
P|M|ON ROLL ANGLE TO LPSTC 
PINION ROLL ANGLE TO HPJTC 
INCREMENT OF DIS»LACEHENT ALONG I 

VARIABLES FO» HELICAL GEAR 

1 »EAO (IN.iaOU BDP,8DGi«P«RG<CTP,CTG«lP,EG. 
• FRP.FMCODP.ODCIPRP.PMG^NP^NC, 
• «0»,»DC,C.CRN,DPN,HA,PAN, 
• RPHP,T£MP,IT, 
• FR1,FR?,TC0N 

1001 FORMAT (kFiO.»,«ElO,l/IF10.l/TFlo,»/*F10.«,II/iriO,»iF10.1) 
IF (for.IN) 110.« 

t   REAO (IN,100?) M»,OHP,H»M 
100? FORMAT (»FIO.D 

RtAQ (IN.1001) METM 
1001 FORMAT (110) 

IF (METH.NE.l) 60 TO I 
REAO (IN,1004) AP,A6,PeP.PEG,PMI,GMI,PMp.PM6,RN(l),RN(|),NN(l) 

lOO» FORMAT (8F10.»/JF18,|) 
I »RITE (NOUTilOOO) 
•RITE (NOUT.IQO«) BDP,806,8P,»G,C'P,CTG,EP,tG, 

• FMP.FMG.OOP.ODG.PRP.PRGiRNPfRNG 
100*  FORMAT   (IK.MHVALUES  AND  DEFINITIONS  OF   PRIMART   INPUT   VARIABLES/ 

•,«»H   (INCH  UNITS  UNLESS  NOTED)/ 
• F«,lkH       (DRIVER) >k>«l»H (DRIVEN) 

HELI'ik?a»nnkl 
MkLIflbii1»nOb» 
HELink*n»nnkt 
HtLIOkSO*r>akk 
HtLIOkkO*nnk7 
MtLinkTa»nOkB 
HtLlnkBD»onkR 
Hf Llnk«o»nO>0 
MHIO»00»no»l 
HtLI0»10»nn»? 
HELI')7?n»nn7J 
HfLI0»J0»n0>» 

•HELIOTIOknm 
MFLI0»*p*Bn»k 
HELln»kO»n07> 
HELI07>0»''n»i 
HtLln7»0»nO»1 
Hmn7«n»ni)»o 
HfLIngno»"«» 
xfLIOlilOcnoi« 
H(lIfl8?0»POI) 
MlLtO*]i>»noi» 
HELIOI»U»naBS 
HCLlfl*«o»rnik 
MELIOIkO»'ia87 
HlLIn»7O»n0ii 
HELini|n»<iaM 
HELin8<iri»nn^0 
HfLinino*'!!)*! 
HElIO^lOmO^i 
HElinq?o»anAj 
MCLIOMOfc-iO1»» 
MILIO*»9»00*S 
HELia4SO»noak 
HELIO«kn»00R7 
MELI0<>70»00«I 
HELI(l*IO*00" 
HELin4«a*oiOP 
HtLiiano»niai 
HELI1010*nia7 
M(Liiafo*oiai 
HELiii)io»oin» 
HELlia*o»nios 
HELI10Sn»(il(lk 
HELI10kO*nio7 
HELIl07n»01Oi 
HELI10iO*niOR 
HELI10R0»rU0 
H£LlllOO»niU 
HELIllia*i>lU 
MELI1120»011J 
HELI1U()»011» 
MELIU»a*nill 
HELIllSO*nl|k 
MELlnkn»(ilj7 
HEL11170*011I 
MELIlliO»nH< 
HELIll*0*nua 
NELluao*niii 
HELIl«10*niE( 
Heiii?fo*oiri 
HELlmo»nl?* 

Figure 1-2.      Listing of helical gear computer program (cont'd) 
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,, ■■"■, vft--i»«>f wrtrttf--;-^ w* 

•ilO.OilXi 

,no,t.i«. 

•/IIH »OP        ■ «Mii.tfii.ioHSDC        ■ »no,»,»i, 
• kOM.BUF  CI«Clt  OtAMCTf« 
•/11M »P •  .Ftn,i,«x(iOHSE ■  >F10,«,IX, 
• kOH>rHI*«*t  CONSTANT   (t«./90»T(»tC,)l»l,DtC,F) 
• /UM CT» ■  ,rj1,»,S«,lOHCT6 ■  ,rin,j,|«, 
• kOH'NONMAL   ClUClf   TQOTN  THICKNCU 
•/KM IP ■ ,eio(o,fi(ioHe6 ■ 
• »OH«VOUNO*S  MODULUS,   »11. 
• /UN fmP «   ,ria,S,l«,)0MFH6 ■ 
• «OH'FtCf   «IDTH 
• /UM OOP m  ,H9,%,S*, 10*006 ■ 
• kOM.QurtlDE  D!*H(T(lt 
•/UM PR»        ■ .Fjo,s.sx,i6»«p»6        • 
• »OH.POIJJON'S   H*TIO 
• /UM   imp ■   ,P10at,Sl,t0H»M6 ■ 
• kOH-NuMSC« or UITM 
• ) 
*»Ul   (NOUT.lOOk)   M0P,H06,CtCPN,DPN,H*,P«N,RPMP,TCtiP,|T, 

• »»l,r»»,TCON 
JOOfc   »0«»«T   ( 

• UM «DP        ■ ,'10,1,11,lOHMoe        ■ ,'10,1,ix, 
• kOM.MCISNT  0*  PHOte   DEPTH 
•/UM C ■ ,HO,k,iO*, UH.ctxTI»  D|IT*NC( 
•/UM CPM ■ ,F10,l,iOI, )hM>N0RM«t  CIPCLf   PITCH 
• /UM OPN ■ ,fl0,fc,10l, IkH.DItMTIMtL  'ITCH 
• /UH  M« ■ ,'10,1,101, IkMvHCtU   «NElt   (DEC,) 
• /UM  P4N ■ ,'10,1,10«, JkK.PPEMU«   »NCLF   (016,) 
• /UM «PHP • ,'10,2,JQ«, ihM>RPH  DRIVE* 
•/UH  TE«P ■   ,'10,2, lO«^   lbH.0Il  JCT  TE"PCR*TuRE   (0E6,') 
•/UM   IT •   ,110,      iO«,lhH>INC*EMENTI 0' E" 
•/UM  '»I ■   ,'10,»,10«,lfcM.C0NIT«ttT  '«ICTION '«CTOR 
• /UM fHf m   ,'10.*,IO«,]kH>V**UBkE FRICTION FACTOR 
•/UM ICON ■ ,'10,l>10«>lkM>T|MP DIFFERENCE FACTOR 
•) 
>RITE (NDUT,100T) HP,0HP,HPM 

iCID» 'ORHtr (//IkH INPUT VIRltSLES FOR HORSEPOMER LOOP/ 
• UH HP     ■ ,»10,»,30«, ikH«|NIT|*L H0R8EP0MER 
•/UH DHP    • ,F10,],10«, IkMaNORSEFONER INCREMENT 
• /UM HPM     ■ ,FlO,l,I0«, IkHaMtXlMUM HORSEPOMER 
• ) 
«RITE (NOUT,100I) 

IDOt FORMAT (//*iH METHOD USED FOR CALCULATING NORMAL FORCE») 
!■! 
«RITE (N0UT,100«) I 

1004 FORMAT (l«,I(,<kH NORMAL »ORCEUTATIC FORCE) 
I»I 

k IF (M|TH.NE,1) 60 TO «0 
■RITE (NOUT,10IO) I 

1911 'ORMAT (I«,If,IIH OTNAMIC FACTOR CALCULATED ST TUPLIN METHOD) 
«RITE (N0UT,t01«) AP,AC,PtP>PEC,PMI,6Mt,PMPfPMC,RN(l),RN(f),RN(l) 

101' FORMAT (//»FH INPUT VARIABLES FOR DVNAMIC FORCE CALCULATIONS/ 
• 2«,IkH   (DRIVER)     ,k«,l»H     (DRIVEN) 
• /UM AP     a ,F10,1,S«,10HAC     ■ ,F10,S,1«, 
• kOH.THICKNESS OF RIM BELON ROOT 
•/UM PEP    ■ ,Fl0.1,SX,iaHPEC    • ,F10,t,t«, 11H.PITCH ERROR 
•/UM PM|    ■ ,Fl0,S,Si,l0MGMt     ■ ,»10.1,1«, 
• kOH«MASS MOMENT OF INERTIA (LB,SEC,SO,IN.) 
• /UM PMP    ■ ,Fin,S,S«,l(lHPM6    ■ ,Ft0.t,l«, 
• kON-PROFILE   MODIFICATION 
•/UM *N(l) ■ ,F10,i,}0«, IfcH-iST NATURAL 'RI8UENCT (MM) 
•/UH RN(() ■ ,'10,?,10», |kMM«ND NATURAL FRIOUENCY (MM) 
•/UM RN(|)       ■   ,fin,itir\*,   IkH.lRO  NATURAL  »REOUENCT   (MM) 

MELIlI»0»rltl 
HELIUin*nirk 
HlLIlfkO*'!*» 
HELIlITO»nl<l 
HELIlIifl»P12< 
M|LIU<0»n|10 
HELIliOO»nill 
HELUIIO*«!» 
HILlll(0»nliJ 
HILI1130*nn» 
MELI1J»0»"HS 
NFLIlllOtolIk 
MELIllkO*'X|17 
MtLIllTO»nlJB 
MEL!l]IO»nil« 
MtLIM10»nl.« 
MILIl»OD*«il»l 
MELU»10»ni»F 
MELIl»?n»nl»1 
MCLimO»"!»» 
HELH»»0»nl»S 
MELIl»SO»nlitfc 
HELIMhO*"!»» 
MELIltTn*»!»* 
HELI1*«0»01«« 
MELIl»«0»Plie 
MELI1100»ni«l 
MELIlllB»oii; 
HELI1120»nll) 
MELIllla*'n|S» 
HELIll«a*nl«S 
MFLimo»nlSk 
MELIlSkO»ulSF 
MELIISTO»nU' 
MELIliiO»ull« 
HtLIlS*0*nikn 
HELIlkOn»nikl 
MlLIU18»nikF 
HELIlk<0*nlk1 
HtLllkia»iUk» 
HELIU»0*nlH 
HELtlklOcPlkk 
HELIlkkO»PlkF 
HELIlkFa*nlki 
HELIlkBO*nlk* 
MELnk*0»nl»0 
HELI17O0»ri?l 
HELUMO»"!»» 
MELIl»iO»rl»» 
H|LIl»10»nl»» 
HELIl'»n*niT« 
HtLI1710»nl>l> 
MELIlFkO*i?lTT 
MtLII7Fa»ni;* 
Hf LUFtOtnlT« 
MELIlT«0»nl«0 
MELIlBOO»iJlll 
MELIlS10*nlR« 
HELIl«FO*'ilBi 
MELIIS10*niB» 
HEHll»0*nl»S 
MELIlS10»nlBk 
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• ) 

MtLIMtMKT  C*kCUL*T10NS CO« MILICtL  «»•  TCIT, 

to r**WHum*,rms) 
MIIMMM*tMUN 
MMaHlMtOIA« 
»OP«r,*(C/(l,**NC/RNr)) 

Ik •  (SO*T((006*00«)«CB08*«06))»IQ*T((r06*l>De)*(RD6*IDC)))   /  I, 
VO  ■  iWttfOHPIM>)»ttOP»»OP))   I  I, 
V*   ■   VO«/* 
M* ■ (sei)r(0DC*oo8«(toe*iDS)))/(. 
BH*»« «SI"<OI>»(H»»J«C0I('«N«)J 
Z« ■  (8a«T((OO^<>0OP)«(«DP*BDr))«M«T((W*W)>(BD»*W)n   /  (, 

BPN • C»N • COS(»»Nl») 
«PT ■ »t«Bn»/RNr 
IP  I  B»W« 
ZC  • «PT-I« 
t«  »   I.   /   (((I,•(»»»•«*) J/€»»((J,«(MS«M«))/I6))'l,) 
■Hirt («OUT,looo) 
oDITl   (NOUT.IOU)   »OP^DC^O^.'Oe.BM/m.BPX.OPT.C« 

MeLiit»o»Piit 
HtLIlM0»"ll« 
HlLlli*0»'U«P 
>*tLU<nO*nm 
MenKJon-i^f 
NCLIKfOkPl^l 
MILIH10»nl*» 
MtLimo»"!« 
HCkU<io*Pin 
HCLimO*«!*» 
MtLII«»0»nj«» 
MCLI1M0»»!« 
NtLll««0»r<On 

Heti»ooo»i?oi 
HfLWOlD»"««? 
MtLIIO<0»nlOI 
Mlt»OIO»"»0» 
HELUq*o»om 
Htii^ato»o20h 
MftI?OfcO»n»0» 
HELi;o'a»nio* 
Meti?o«o*oto« 
HCLI'O'O»»!!') 
HCll»iOO»0»iJ 

tOli  »0»««T   (//lSl>
l*«HVtt,UE8   »HO  nEMNIMONS  0»   P*eL|M|Nt*y  C«tCUl*TtO  HCLIinooOtir 

• ,inw»«»U8Lt8     / >«tLIIl(0*0(ll 
• |l.(kM(|NCH UNITS UNLESS  MOTEO)   / HltUHO»«!!« 
• «l.lkM (DRIVER) ,kl,t»H (DRIVEN) HeLIIl*q»pCtS 
«/U»  *0R            ■   ,Mn,S,S»,JOM»oe            ■   ,'10,S,IX, MELItlSn*nyit. 
• ktN>«ODfNOUM  (IN,) HELIIlkO»nri> 
• /MM  POP           •   «f iO,5.S«.lOHROS            ■   »riO.tfflt MELRPO»"?»« 
• fcUM.PITC« OMHETE* MlLUl*0*n?l« 
• /H-  SH«R         ■   ,H0,k,10X.   lkH«B*St  HELIX   iNCLE   (RADUNS) MELI(l<0»nPi(n 
• /11H BPN ■ (PlOikflOX, lkH«NORM«L »*»t RITCM *EU«00»n«l 
•/llu KPT ■ «PlO.k.lO«. }kP«TR*NSVERSE BtSE PITCH MlLI2llO»P>?i 
*/11M ER             ■   .no.l.m,   IIH«MDUCE0 MODULUS  (PID )MtLIi(2D»ot2l 

«RITE   (NnuT.tOlt)   vü.wJ.Z.ZA.ZC.XO.ZR Mtkimo*nf?» 
tOl»  FORoiT   ( MELII2»0*02?I< 

• Ux y« « .MO.k.lOK. IRHOISTtNCE PROM FIRST INTERPIRENCE P0MELW2«0»0Z;k 
•INT   TO  START   OP   CONTACT HELt(ika*nI2> 
• /UM «A • .HO.k.lO«, kOH«DtSTANCE PROM SECOND INTERPERCNCE PMEtI?«»0»0?«f 
•OINT TO START OP CONTACT MEkIPl«0*n»« 
•/UM I • .FIO.S.IOX« IkH.PATH Of CONTACT MCimROMIf 10 
•/U- I» • fPlOiStlOlf JkM'PAT« OP CONTACT IN APPROACH M(LI*IOO*nPll 
•/UH It ■ .FlO.tdOXi JkM.OISTANCE PRQM PITCH POINT TO HPSTC MtkIlllO»nPJ2 
•/UH  {0              ■   >PiO,S«30X<   IkMaOISTANCE  PROM PITCH  POINT   TO  tPSTC  HeLU»0»qfl1 
• /ll- ZR             •   .PIP.S.IOX,   inM.PATM or  CONTACT   IN RECESS jHELUUO»«?)» 
"RI'E   (NOüT,*ORO) MeLl«l»0»nPJS 

R04n PORMAT   (//////IX.oOHCALCUkATIONS OP  XL fOR  tACH VALUE OP  EPP//) MELI(}tO»n;ik 
ICAsdl HELIIIkO*nli; 
RANgPL  ■   (VO'ZI))/(BDP/I,)/RADIAN MELUl'0*n«li 
RANOPM  ■   (VO*ZC)/(BDP/I,)/RAOtAN HeLIPIIO*0«IR 
FMP  ■  F«  •  TAN(HAR)/(CPN/COS(HAR)) NFLIt]R0*n;»0 
TMP ■ Z/(|PN/COS(HAR)) HekiatooMim 
PSIv  •  F«^SIN(BHAR) HeLI»»lO»0?»i 
PC0S IF** COSCBHAR) HeLI»»?0»Ot»l 
ZCOS  •  Z  •COSCBHAR) MeLIf«10»Of*» 
IF   (Z.LT.FSIN)   ICASEa|CA»E*l HELI««»0»O»»» 

C HCLie»S0*n(»k 
C                  BEPINITIONB FOR  T  LOOP  VARIABLES MtLt»»kO»OI»» 
C                   EFF       ■     INDEPENDENT   VARIABLE HtLI*»»0»Ot»t 
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(tT  «ILL   BE   INCREMINTCD  Hi   01*   kHO   T        IT TIMI9 
HHENE   T»0.,.(IT-1)) 

■L»«     «     «»«»V   THAT   STORES  VALUES  0'   Ik 
•ET«     ■     INCHEMEMT  Of   »PI 
• INC     ■     POSITIVE   «NO  NECtTIVF   INCREMINT  Of   BET* 
«BET*   •     UPP(H  *N0  CO«»  (.CITS  Of   »IT» 

TEST  FOR   THt   NO.   OF   INCREMENTS  0»   BRN 

BETtaO, 
TEST'O, 

10 RETtaBFT**!. 
rESTaa,*HET**ePN 
IF   (TtST.CT.UCOStMIN))   GO  TO   If 
CO  TO   10 

1«  «8M»»BET».l. 
DEF   ■   (ZC09»F8IN)/fIT»l) 

8T»»T   T  LOOP 
DO   iJO  L*1>IT 
1*1*0 
RETtao, 
«INC»1, 

»,   CXOOSF   F 

Tl»L 
TiT|..l, 
EFF«OEF*r 

«f co rn (so,ss)  !c«$f 

B,   (CASE   n 

so «o«n, 
«l»F8IN 
>i>tCOS 

GO  TO  t.0 

B, (CASE   II) 

is *o*n. 
«HZCOS 
«IRFSIN 
*UfRAl*A{ 

fcO  IF   (EFF.CT.AO.ANO.EFF.LT.AtA;)   GO   TO  b« 
«t»0. 
GO  TO   70 

ki  IF   (EFF.GT.Al)   GO  TO  b« 
«L  •  EFF*((1I/TAN(BHAR))*TAN(BH<R)) 
GO  TO   »0 

b»   IF   (EFF.ST.AI.OR.EFf.EO.Ae)   GO  TO  bb 
IF   (ICASE.EO.O   CO  TO  kt 
XL   •   FH   •    (COS(BHAR)«(SIN(BHAR)«TAN(BHAR))) 
60  TO  70 

kt   >L   ■   Z*(8IN(BMAR)*(C0S(BMAR)*(l,/TAN(BHtR)))) 
GO  TO   70 

kk  «L  ■  FH  •   (C0S(BMAR)*SIN(BHAR)«TAN(BMAR))*(t>(9IN(BHAR)*C08(BHAR) 
I •(li/TAN(BMAR))>>-(|FF.(TAN(BMAR)»(l1/T»N(BMAR)))) 

C, STORE   VALUE  OF   >L 

HELlJ«BO>n?»R 
M£LU»RO»n?SO 
MlilliOO'tMil 
HELI7S10»n2S; 
HELUUO»n;s) 
HELI«$10*n(k» 
HELi(s<»a*aits 
HELUkSO*a?kb 
HELI{Sb0»0ik7 
HELI(k70»nZkR 
HELKtBO<-nIkR 
HELIf$RO*ntbn 
Mt ii«kon»n?bl 
MELlZblOt-O^bZ 
MELI2b20*n(b] 
HEL^biO'-nZh'» 
MClUb«0*nibf 
HELUkS0»n7bb 
MtLIfhfcO*q2k7 
HtLi;b7P»njibR 
H(LI*b«n»nFI.« 
MlLI'b»0»n#7n 
••HI*>00*n7M 

H^Ll?»?o•p^»^ 
Mtll«»»0*<,*7» 
'<ELI»7»0»r77«i 
■<ELI2'S0»np;b 
MELI?7bO»ni,77 
■XL I*770»n?7« 
Mlt.U7B0»''?7« 
HELU7R0*n?8U 
MfLIFiOn»n?g| 
HEi.i;iio*r?H; 
wfLIF»»0*p?<H 
MELI?iJn»n?g» 
HflUI*0»r<2IS 
MFlI?i«0»>'?8b 
xtl ;?8b0»n<>l7 
"ElI?l70»n7RI 
HELURIOknfi« 
MEL!««Ra»njM0 
MfLl?«nO*nHl 
►.ELI?«IP»n?^« 
MELI?«lO»n»<il 
MELIt«10»0««» 
HELI(R»0»nlRt 
MEI.URiO*nf<«b 
MELIIRka»p;R7 
MILIM70»0?<R 
MELI2Ria*'0FRR 
HHU«*o»njno 
MELH000»n»f)l 
MfLUnio»nlo« 
MELHO?n»0101 
MEU11TK'»nlO» 
MEl.lin»o*nias 
MEinoSO»nJOb 
><ElIIObO»ol07 
MfLi)07o»pm 
wELHO«n*nlOR 
HELI3P»n»P110 
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»0 LILalU.*! 

IF   (BiTt.NC.a.)   CU  TO   101 

o. ev*Lum XL «GAINST,,. «NO CMQOIt  «PMOMtm   K 
K Hui« »f «N even NO, 

■ ■■ 

If   («L,IT,(»«/»,))  »•*«» 
If   («L,6T,(rN/?,))   Km»» 

t,   C»LCUL«tt   HO(M,H(N] 

HO  ■   (trF>F«*SIN(SN«ll))/COUBH«ft) 
If   (MOAT.n.)   M0»0, 
M »e't/cnstBM«») 
if (M.et.z) H.jr 

oo «o •"»I.«» 
NN*M«1 
Mi   •   H0*((M.M0)/IC)>(I*NN*1) 

>,   CtlCUL'TC  FOR  EACH  V«LUt  OF   MfN),,,, 

»»«OU»   ■   (V»*«N)/(»OP/»,) 
•HO»  •   a,/C04(BMM))»(v«»M«O 
*HOS   ■    (1,/C0S(HH«I»))«("«»HN) 
V»   ■   »M0F«»P"P«(»I/10,) 
vr.  ■  i)H0C«*l>Mp*(l)W/«NO)*(»I/in() 
VS(tB$(VP>VG) 
vt«vP«vc 

6.   STORt 

ROlL'U'tNtJH*,!,) 
• OLL»»»('>»J»,*»L) 
ROlLBtVt^JRf,!,) 
»01L»»»(«'»J»6,L) 
■ OLLX'CIJVS.L) 
«OlL»»,'(»l»J>'T,L) 

«0  COMlNUt 
xt'xoa.i)»«» 
XtFNOd.UUFF 
«lFMO(t.»l»«L 

HN 
*«NGlP/<>«DI*N 
»HO» 
RH06 
VI 
VT 

H, CtLCUL'Tf 1 Nt« EFF 

10t IF (»HfTl.tO.seT«) CO TO in? 
10k BET«iBCU*«INC 

IFF ■ »:f.in(U,<)«BfT»«B»N 
CO TO kO 

IQ> IF («BFTI.LT.O.) CO TO 110 
BINC».«!« 
BeTt»0, 
«BCTtonttT* 
CO TO 10k 

t. TOTtL *U «L» 

110 «B(T**«BI(>BETt) 

N(LII100*0«11 
H(l!11tO»nllf 
Hltm»«»"'!» 
HeLni"»»«!»» 

M(iTiito*aiik 
MfLIlilkO»n|l» 
MtiUi»o*nilt 
MtLiiiao»aii« 
HitniROfciieo 
HCLIICOOkntll 
Hit IMJO»" I?» 
HlLIlMO*n»l 
MlLMflO*(i1«* 
HELIl«*0*n]Ii 
HeLIi?«o*niik 
HELimO*Mf' 
HELIll'n*n]jS 
NCLIHiO»"]»« 
HELIl(«0*n|JU 
MELIIIO0»nlit 
HELIlllOknnr 
«tLIJJ»0*rH» 
HEtIi]10*n)|k 
H(l.I)I»0*n]lt 
HfLn>»0*nJJk 
HELIllhQ»rJ}7 
Mtl.|llfO*nlH 
MtLHWO*«-»!« 
Mk(.|Jl*0»rH»n 
HFLU'JOO»!!)»! 
H|LI3klO*ni»F 
MELH»ao*n!»l 
HELU»30»nl»» 
MELII*«0»nl»S 
MELlJ»»0*ni»s 
MELI1»I.0»0I<I» 
MtLH»TO»nJ»» 
HeLU»B0»0l»R 
MElIJ»«0*nJSO 
HfLIH')0»o»l 
Htumo»"«» 
MlllSSI0»n]S1 
HELnsiO»"]^» 
MELHSkO*"»»» 
MELllS»0*njlk 
HCLn«kO*aJS' 
w(LnSF0»<13SB 
MEinsio^nis« 
MCLI 4SR0*n1i>n 
HeLIIk00»"3Sl 
MEUJklOfMK* 
HekIlkiO»f>lk) 
HELHkS0»"3k» 
MtLIlk»0»OJkS 
MELI>kiO*03hk 
NELI3kkO«-q3kT 
MELIlkF0*03kl 
MCLIJkB0»n3k« 
Hri.iifc«o»n3»o 
MELIiToa»ni7i 
Mtkimo»aiu 
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«lT»n, 
I'   (L>l(N(,l)   60  TO  111 
HTdLftraiL) 
CO  TO  11« 

III  00  Itt  Ia|.L«L 
«LTilLT«ll*r(t) 

111 COXTlXUt 
•«iTf   (NOUT.^O^D   »«L»»(I).I»i.C«U.HT 

*0«l  roo-H   (\Kllt,**,))} 
t 
:        J. »tow xiroT 

111  ILr*iO(L.I)*ILT 
i ia coNTtNue 

SI«»T   HP  1.00P 

111   »T   •   l«knOO,*HP/(0PMP*POP) 
HN ■ «T/fCOStMAinaCOSCftNR)) 
IHT*1 
DFOKCC'Kii 
0"  TO  KS 

HI   T       «tTH.NF.D   GO  TO  «00 
I     ml 
NAirgiRNCi) 
CUL 'OBCI 
CO TO 200 

l»S CtlL SHFR (JB»,J»G,JVS,JFR,JPM,«t','0,»OLLM»*,ei',IT,DroRce, 
•   »N»,i,HOP,»i, rpi,FB*,Tcon,Te»ip,T8,PMe«y,riiic) 
00 IkO L>I,|T 
«intfoa,«) 
i<»»»l.FXP(L.l) 
«■{•KI 
«LTOtilLFNOCL,») 

Ikk DO ISO **l,*f 
RM0*«*0kL**«(MtJM(k) 
RHOGiROLLKOVCN, JPCL) 
»HOf i »«j(»MOP«PMoo/{pMOP*(iMoon 
VSKOLLRtrfi», JV3«L) 
VTIBOCLBAYCV.JVT.I) 
FRIC     ■  POH.»»»(N,JFB,L) 
IF   OLTOT.CT.O.)   CO   TO   lb? 
»PlTf   (N0UT,4^44)   «LTOT 

^«^*   FOP<l«t   (^M   «LTOT   ■   ,lli,*) 
»Ol.Ll»*»('".JOT,L)   •  *. 
GO  TO   110 

U7   IFfnFORCe.GT.o.l   60  TO   111 
■«Irr (NOuTdiii) OFQRCI 

lit* FORM«T («M OFORCf ■ .til.«) 
R01.L*«V(*,J0T,L) » 1. 
GO TO 110 

Ul CONTINUi 
Ma.fB.l.OR.L.EO.tT) CO TO lb! 
OT  •   ,?0l   •   (FRIC«((OfORCE/«tTOT)«»(l./»,))o(lR««(l,/».))/ 

I (RH0E*«(1./».))   )   •(tBSCRHQP  •(RMP/RNC*RH0G))*8aRT(RRHP)/ 
i (M>SBRT(*H0P)*(B6*80OT(Ri<P/RMC*RM0Gn))o(C08(tH*R)/ 
J SO»T(CüS(M«R))) 
60  TO  U» 

IbS  OT*a. 
lb*  CTt«f»TS«OT 

"t»Tr  ■  .J«l«»iO*T((0FORCt«XU)/(«/2««tTOT)«(fR/RH0e>) 
ROLLRATfU.JOT.L)   ■  DT 

HCLII7fO*l<l>l 
M(LII710»OI7« 
M{LIl**0*n|T« 
H[LI1»S0»OI7b 
MiLimo*om 
MH.l1>»0»nl»l 
MfLU710»0J»« 
HCLI«7<n»nlin 
HEL11100*0111 
HeLi>iio*oii; 
MClIllfO*n||) 
HELIIR10»n|l» 
«n m»o*ein» 
MCL118tO»nllb 
HCLT]|kO*DIl> 
HfLIilTn^nlll 
HELItllO*n11* 
MtLTHRO*-!«© 
MFLU«nn»nl«l 
HEL]««IO*nlRt 
"f LI 1«l#n»nj«} 
xtLI'^10»"!«» 
MELU'^OfcOKS 
HELH«0*om 
MELIHbO»nJR? 
H51 Hr>o*' i«R 
«ELI J^10*',1R« 
MEL I }««0»''»00 
••ELI*nno»n»ol 
MELI»Oin»niin* 
MELI»''*'>*"«OJ 
HELI»'HO»n»n» 

HELI»nsn»''»nv 
MEUI»nbn»"«n' 
MELI»(1>0*0»'1" 
Mf LI»Otn»'.iio« 
MEL I»nRii» »in 
MELI»10n»n»ii 
HIL I»11'J»',»1^ 
MELl»l'n*"»ll 
*<ELI»HP»n«l» 
MELT»l»0*n«H 
MELl»lS'l»'1»lb 
Met.t»lbO»t>«i7 
MtLI»170*0«ll 
MElI»llO»n»lR 
•<ELI»l<0»n»»O 
wHl»eno»»>»fi 
MELl»»10*f'»?? 
MELI»?'0»i»»» 
HELl»»IO*Piti« 
MU.l*l*0*'"i*<t 
NELI«<«0»n»?b 
HELI'itbCivn»;? 
HEtI»«»0*n»eH 
HEL1»*1P*',»»R 
MELI»?«P»"tJP 
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APPENDIX J 
SPIRAL BEVEL GEAR COMPUTER PROGRAM 

Program Goal 

This program examines spiral bevel gears for scoring potential. 
The analysis follows a pair of teeth   from the time they engage until 

• they separate,   examining the conditions in the gear mesh at a number 
of intervals (usually 20) during the mesh cycle.    The area of contact is 
assumed to be elliptical.    Geometric parameters,  velocities, loads, 
and temperatures are evaluated at the center of the contact ellipse. 
The method of analysis generally follows that of Coleman.°° 

Operating parameters are calculated on the basis of static load. 
These parameters may be corrected by applying a dynamic factor. 

Program Language and Computer Type 

The program is written in FORTRAN IV language for aCDC 6000 
Series computer,  using RUN compiler and SCOPE 3.4 system. 

Input Cards 

There are six data cards per set of data.    Data sets may be 
stacked.    The program contains both rpm and a horsepower loop, 
so   the   effect of changes in these operating variables on gear behavior 
may be studied. 

Either the gear or the pinion may be the driver.    However,  data 
must be entered as applicable to the pinion or the gear,  regardless of 
which drives.    The program will evaluate conditions for either left- 
or right-hand rotation of the driver  or,   in the case of a reversing 
gear drive,  both directions. 

A description of the cards follows.    All units are in inches 
unless otherwise noted. 

Word       Column        Symbol  Description  

Input Card 1        (PRELIMINARY INPUT DATA) 

1 1-10 RNP Number of pinion teeth 

2 11-20 RNG Number of gear teeth 
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Word       Column Symbol 

Input Card 1 (Cont'd) 

3 21-30 AP 

Description 

4 

5 

31-40 

41-50 

51-60 

AC 

BP 

BG 

7 61-70 DEDP 

8 71-80 DEDG 

Input Card 2 

1 1-10 EP 

2 11-20 EG 

3 21-30 PRP 

4 31-40 PRG 

5 41-50 PA 

6 51-60 SA 

7 61-70 SIGMA 

8 71-80 FW 

Input Card 3 

1 1-10 PD 

2 11-20 DRIVE 

Pinion addendum 

Gear addendum 

Pinion thermp.1 constant, 
Ib/T-in.secI 

Gear thermal ponstant, 
lb/0F-in.-sec2 

Pinion dedendum angle,   deg 

Gear dedendum angle,  deg 

Young's modulus,   pinion 

Young's modulus,   gear 

Poisson's ratio,  pinion 

Poisson's ratio,  gear 

Pressure angle,   deg 

Spiral angle,   deg 

Shaft angle,  deg 

Face width 

Diametral pitch 

Driving gear;  use: 
PIN       =    pinion 
GEAR   =    gear 
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Word       Column Symbol 

Input Card 3 (Cont'd) 

3 21-30 ROT 

Description 

31-40 

41-50 

HAND 

M 

Rotation of driver as seen looking 
toward apex; use: 

CW     =   clockwise 
CCW  =    counterclockwise 
REV   =    reverse 

Hand of driver spiral; use: 
RH = right-hand 
LH      =    left-hand 

Number of divisions of the line of con- 
tact that will be studied,   usually 20 

Input Card 4       (FRICTION AND TEMPERATURE) 

1 1-10 TEMP Oil jet temperature,   "F 

2 11-20 FR1 Friction factor from Eq.   (55),  (57), 
(59),  or (61) 

3 21-30 FR2 Friction factor from Eq.  (54),  (56), 
(58),  or (60) 

4 31-40 TCON Temperature difference factor fro: i 
Eq.(69) 

Input Card 5       (RPM LOOP) 

1 1-10 RPMP 

2 11-20 RINC 

Pinion rpm 

Rpm pinion increment.    Blank or 
zero if only one rpm 

3 21-30 RPMX Maximum pinion rpm.    Blank or 
zero if only one rpm 

Input Card 6       (HORSEPOWER LOOP) 

1 1-10 HPO Initial horsepower 
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Word       Column Symbol 

Input Card 6 (Cont'd) 

2 11-20 HINC 

Description 

21-30 HPMX 

Horsepower increment.    Blank or zero 
if only one horsepower 

Maximum horsepower.    Blank or zero 
if "rly one horsepower 

A sample set of data cards for the spiral bevel gear design and 
operating conditions given in Chapter VIII,  Section D,  is shown in 
Figure J-l.    The pinion is the driver,  turns CW, and has a left-hand 
spiral, as shown on Card 3.    Card 4 contains friction factors calcu- 
lated for plain surfaces with a composite surface roughness of 33 ^iin. 
AA,  using Equations (111) and (112).    Only one rpm was required as 
shown by Card 5,  and Card 6 shows that   10 hp levels were run,   starting 
at 300 hp to a maximum of 1200 hp. 

Computer Program 

Figure J-2 shows a listing of the computer program.    Control 
cards are not included. 

Sample Printout 

J-l, 
Figure J-3 gives the data piintout for the data input of Figure 

Results are shown for 600 hp only. 

The first page lists the input data for reference purposes.    The 
second page gives the results of the preliminary calculations.    The 
third page lists,  for M + l positions across the plane of action, those 
variables that are independent of the power level.    These are velocities 
and some geometric parameters.    The next page gives,  again for M + l 
positions across the plane of action, those parameters such as load, 
instantaneous surface temperature, and Instantaneous frictional power 
loss that are power-de pendent. 
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fe.Ul Flh CW LH £ü 

• IIIIIMIIIIiMMMMMMIMI   M IM I MH M M I M 11   11 MiMI 11 illlllllMIII MM Mi 
i i l < l i i i i an iiiii<>(i«iii»niiiin»»n»-'»iiiiiiiin«»»iiiii<tiiij«««iiii«iiniMiim»»jm«««»il«»«li»lnnililii»»iirt»« 

15&.0 .0£01 .0?e3 675. ü 

MMMI I MMM I MMMI MMMMMM M M MM IM I M MM I MMMMMMiMMMM 
t i i i I ■ t i i an tn)Nitai>Nifi»iiitiiNfijiniiifiii)anii»aiiH»«(iituN<iNii«iifltiiMiMUiitiiiNMiivaii»Niia«annnHiiiiitiiiiB 

4500. 0. 0. 

MMMI      IMIIMII   IIIMIMI   IIIMIMMIIIIIIIIIIIII M II MIMMMMMIMM MM M 
i i i i i i > l i iiir ;iiiiit! iiiMi nai. nnxR uianaii iiiiii»aiiaaaii"iii.ni<ni««i»>i uiin»»iia»»ir«uiii!«u«»anan»»»ii»»» 

jiuo. 100. lc.0Ü. 
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i i i i i i > i i aMtiiiHiiHiia:itiinTi:inniin»a)ii)niinaiiaa«ti<iUMM«i>aMMititUMttHi)aiiava4iiii«ij«aannnaMNna«« 

Figure J-l. Sample spiral bevel gear computer 
program data cards 
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S8EV00»0»"l)0k 
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SBFvaifOpxoii 
J((E»PHO»"C» 
8tlEV01»0»i)flli 
S»E»«<lSO»""lk 
seEvniko*nnj» 
SBFvni»(i»noj» 
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SBFVOklOPpnkf 

Figure J-2.     Listing of spiral bevel gear 
computer program 
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• »NS a PITCH RtOIUS   IN «fkN N0*M*l KCTinK   (eCAR) 
»l a   »  p*R*M(Tr* 
•HNP a   H«Sf   AtntUS   IM  MitN  hORHtl  ItCMO*   (PINION) 
«HUG a   n«nr   »»OIUS   11   M(«N  HOBMtk ItCTION   (Cf»») 
4P a  PITCH  »»OIU»   I*<  »EAN  TKtNSVERSt   SICTtnN   (PINION) 
• C a  PITCH  »»OIU»   IN  MftN   TRtNtVtRSl   »fCMON   (6e»R) 
»nsP a  OUTSIOE  RtOIUS  IN M|*N NORMtt ICCTinN  (PINION) 
•PN6 a  OUTJIOt   HtOIUS   IN  MEAN  NORN»l   »K'lON   (GEtR) 
T"P a   TRANSVERSE  CONTACT  RATIO 
2N a  LENGTH  OP   ACTION   IN  NORMAL  P|,»N( 

REAn  INPUT   VARIABLES  POP  SPIRAL  SEVCL GEARS 

tan »tAfi   (IN,ROD»)   »N»,RNO,»P,A6,eP.P6*0f0P,Of0G, 
t PP.EC,PRP(PR6.PA,SA«SICH*.Pal 

1 Pn>ORIVE>R0T>MAND>P> 
» TE"P,FR1,PR»,TC0N 

»ltd«   »QRvAT   (*»l''.0,H»lO,l/?t I0,»,*»l0,»,'l0,1/Hn,j, )»IO.Il"/ 
1      iPia.ui'ta.*) 

IF (FOF^INI hon.ito 
Ufl  REAn   C.N.ROO«)   RPMPjRlNCRPMX 

»EAp   (IN.ROO»)   HPO,MINe,MPHK 
»tins  FORMAT   (IFin.l) 

«RITE   (NOutfROlO)   »NPfRSG.AP^G.RPjSGrOlOP.OEOG.EP.tG.PRP.PRG 
«RITE   (NnuT,«Oin   »»,»«,SIGH»,Fa,Pft,DRIVE,»OT.HANO.M, 

• TEHP,FRl,F»?,TCON 
«DID »ORxAT   (iHj^/^/iti^lHVALUES  AND DEFINITION»  OF   INPUT   VAR|A*LES, 

• <k>«   (INCH  UNIT»  UNLESS  NOnD)/ 
• <f«,UH (PIN)nN) ,kM,J»H 
• /||M RNP     • ,r ir),«,S«, jnM RN6 
• KnH.KUHBI» OF TEETH 
• ni* AP     ■ ,Fin,»,»)(#|OH AC 
• %OH«AOOENDuH 
t/Ux  HP ■   aFia,»>t«,10H  BG 
• t,ON.TH£B«««i.  C"N»T»NT,L»,/SORT(»tC,)I,>,DfS,f 
• m* orop       » .'i1),»,*«,»OH oEos    ■ .no,»,?« 
• kOH.OCOFNDUH «NGLE.OtC, 
>/1|M EP     a ,tlO,?,»I,JO« IG 
• hOHaVOuNG'S "OOULUii.PSX 
•/11M PRP    a ,Fin,»,S«,10H PRG 
• «Ox.POtSSON'S RATIO 
• ) 

»on 'o»"»» ( 
» UM PA     a ,Fl0,?.10»,lkH,l,0l»H»L PRESSURE »NGLf ,Otr., 
• /U- St      a ,f J0.?,J0«,11,H.»PIR»L ANGLE,DE6, 
•/ll- SIGH»   a ,Fma?,IO>,lLH«SH»FT ANGLE,DIG, 

(Of»»), 
.Flü.»,S«, 

,F10.»,»X, 

,no.«,*x. 

,EJO,/,i», 

,f 10.»,(.«, 

SM VOhfOcnOLI 
SKvnkin>nnb» 
SBEVOk»0»''nkS 
»•EV0kSn»rOkk 
»BEvnkkO*nnk)i 
»•evokTo»'nk» 
9Btvnk»0»P0k« 
SBEV1k«0»pn7n 
BBCVOTOOnn?! 
SBey(l»10»nO» 
BBFvoTio»on;i 
8BEV«>)0»rO»» 
9MIVOT«n»oO?« 
98EVOT»0»ftO»k 
SBEvOTkO»ne»T 
SBIVO»»0»00»S 
SHEVOVSD»)!«?« 
8BEvqT»0»nasn 
9BEV0S00*OOtl 
SBEVOSIOPnosf 
SBEVOSIOaflORI 
8BCVDtlO»nOS* 
$BEVOS»0»oesf 
«Bevns«n»nDsk 
SBEVOSkOaaORT 
SBfvn»>o*no»» 
SBEVasSO»OOS» 
9nivns»o»oo»n 
SBEVO»00*00»l 
9BEvn»10»nO«? 
9PEva»(n*an»i 
SBEVP»]0»P0»» 
9BEva»«o*no»s 
96Evo»%0>nO»)< 
S9evo»ko*oa»7 
9BEVARTa»00»S 
SREV0»sn»na»» 
«BEV0»»0*,'lnn 
SBEvlonn»nioj 
S8Evinin»n|n? 
9BEV10f0*al0 4 
SBEvi010»Pln» 

/SBEviotn^nns 
SBtVIOtO'^IOk 
SBrvtOkn»r|OT 
SBfVlO>0»"in» 
9(»EV10«0»',IP» 
8HfV10»n»"llr 

9P» »lion^nm 
SBf VI HO»" 11? 
SBfVlJFO»i'lH 
SBEVIHO»"!!» 
SBFymn»--!!* 
SBEVllSO»' Ik 
P»FvUkO»   11' 
• «Eyu"'*  ii» 
»BE M1SP» i * 
'.BfVlHO»'!"' 
S«EVI<nP»'-l<l 
SBEVUl"»'!!?? 
SBfVl»'0»01?J 
SPtvl^lo♦''li,« 

Figure J-2.     Listing of spiral bevel gear 
computer program (cont'd) 
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H U|)I1,1^1||J^||I4H"'^.W.7»»W;-" 

.f in,»(JO«,lfcH.OI»»ftt<«l   »1TCM 
• •10      , 10». IkM'OBIVlNCi   K(M 
, »l"     , ini, ifcf.BOTttlO«. Of  DHIvE« 
.»10      .lOI.IkMaMlMD   Of   0*IVII   SI>I««L 
.11»     . iOH.lkM»«'«»«»  0»   IftCMMFMTI  0*  If* 
.Mn,».io«.UK«oit J(T TkMf|i»»Tu»t,Bie,r 
.rin.t.io«, IbH.COMITtMT  miCTION riCTOH 
.nn.«,io».ifcM.v«Rimi   f»ICTIO'»  FtCTO» 
.»in. #,io», ikM.nvp.Dl'Ff niMCC Mr to» 

•/11M r« 
•/UM    PO 
•/UM omve 
•/lit» »ot 
•/im HAHO 

•/il"  Tl««P 
*/ttN mi 
•/llM   F«< 
•/11M  ftO« 
•) 
■•Irr  »»<nyT.«iinn   BPHP 
IF   (»INC.ro.P.)   r,o  TO »I? 
»»iTt  (mOuT.vno?)  >i|MC>»P*<l 

2«<   «»ITf   (NOUT.^OOI)   HPO 
IF   («IXC,CO,n.»   60   TO  *S1 
MMITF    fNOU'.^OO«)   NINC,HPM| 

400k FO*u«T   (        //Ifa.itMjMPuT   v«»l»«ltS  Fo»  SPfCIFteO  COOPS  «NO  SICT 
••*$//)«, 10MV»«I«l»tl8 UICO   I-,,,  »ff LOOP 
t/ltM PPMP ■   .H^.tiio»,   lfcH«»P" PIMON 
• ) 

«OOF  FO»««t   ( 
• I!»   »INC 

• I 
«001 >o*»*r ( 

• //l>,ltMV«ftUILrS  US(0   IN...MO»$tPOf»C«  LOOP 

■   ,'in,f,10*,   IkM.HP«  PIMIPN  INCKCMIMT 
•   ,»in.?,10«,   ifcw.spn  PldlON  M*«|MUM 

• /U» HPO 
• ) 

4004 FORMtT ( 
• Jl- M|NC 
• /IH HPMI 

■ (FlO.f.IOIf lhH«HO«StPUPtP 

,»10.1,1011, lkH>H0*8FP0ME* INCHeMrNT 
.F10.?,10», lkH«Mt||MUH HOPIIPOMF* 

c 
c 
e       DCFINIMONS OF c*kCuimo LOOP v»»i«eicj FOR IPI*«L SCVEL ot«« • 
C «LFI  ■ «NSLC THf PINION VKDCIT» N«KC8 «ITM PJTCH LINt IN 
C R*OI«NS, 
C «LFF     •  «NOLI   TMI   Cf«*  vetOCIT»  "«Kti  iiITr'  PITCH  LINE   |N 
C R«OI«NS, 
C «8   ■ Sf-I-««IS OF CONTtCT ELLIRU, IN, 
C 48   • S(«I««It8 OF eONT«CT ItllPSf, IN, 
C n(kT  ■ CONJUNCTION TtKPe»«TU»e RISt, Ct5, F 
C 01    ■ Ol|T«NCE TMC CONTACT «RC« "OVCS OVCR « POINT ON 
C SURFACC OF PINION, IN, 
C 01   ■ OlSTtNCC THE CONT«CT «RE« M0VE8 OVER t POINT ON 
C SiJRF«CE CF 61 «R, IN, 
C EFF        ■   THE   INQEPENOINT   V«RI«BLI,   DI8TANCE  »RON  CENTER  OF 
C SURF*»  OF   «CTION  TO LINE  OF  CONT«CT  MdSURCO 
C IN   THF   N0RM4L   DIRECTION,   IN, 
C E'M     • F«CT0R   IN L0«0  SH«RINO RATIO 
C FRIC     ■  FRICTION  COEFFICIENT, 
C HP (  MORSEPOHFR. 
C ONEC     ■   INCLINATION  «NCLI   BETHlfN  LINE   OF  CONT«CT   «NO  THE 
C PITCH  LINE   IN   THE   T«N6tNT  PL«NE   IN  R«0I*N8, 
C 1 • CONTACT  STRESS,   PSI, 
C RHO       ■  MEL«rtvE   R«DIUS  OF   CURV«TURf,   IN, 
C RHOR     ■  ««OIUS  OF  PROFILE   CURVATURE  «T  PITCH POINT  ON  CE«R 
C IN  THE HE«N  NORMAL  SECTION,   IN, 
C RHOP     ■  N«OIUS  OF  PROFILE   CURV«TüRe  «T  PITCH POINT  ON  PINION 
C IN   THE  "EtN  NOR"«l  SECTION,   IN, 
C RH01     •  RADIUS  OF  PROFILE   CURV«TUR(   ON PINION,   IN, 

SSEVWO»01(I 
SBIVlfSO*nl(k 
4REv»«kn»nui 
»RlVi?»0»01F4 
SB(V12i0*nU4 
SaFV1240*nilO 
SBEvtJon*niii 
SBEVtllOtfllif 
SBEVI »0*0111 
SHEVlllO»all» 
SBEVll»0»Ptlf 
SBfVll«0»nllk 
SB(VllkO*0tiT 
SBFvim»oiis 
S8€vmo»nU« 
SBEvll40»ni«0 
8BFV1»00»01<>1 

I0SBEV1»10»Q1<IF 
SBEV14I0»nl4l 
SBEV14J0»(il»» 
S»EVl»»0»01»5 
SBEVl»tO*01*k 
88tVl*kO*01»' 
8BEV1470*01»8 
S8rvi»io»ni»4 
SBEV1»40»OUO 
SBEVlsno»olil 
8BEvlSlD»niit 
SBEV1S?0»01S1 
SBEVIS3a»nlS<t 
SBEV14»R»nlS» 
SBEVlSS0*01Sk 
SBEVl«kO»Ol(F 
SBEVlt?0»niM 
SBEVltB0*nlS4 
SBEVli4p»plkO 
8BEVlkno»01kl 
SBEVlk|0*aikf 
SBEVlk«0*01kJ 
S8EVlk10»nlk» 
SBEVlk»0*rlhS 
8BEVlk«0>01kk 
SBEVlkkO*nlk> 
SBEVlkFOkOlkS 
SBFVtk80»01k4 
SBEVlk40*PlF0 
SBEVlFOOknlFl 
8BIV1T10»017I 
SBEVim*nl71 
SREV17JO*01>4 
89F.Vi7»0*nl7S 
SBEV17S0*al7k 
SBEV17kO»0177 
SBEV1770*P17R 
SBEV17I0»0174 
SBEV1740*0180 
seFvi«ao»Pi8i 
S4EV1810»nlir 
8BEviR;a*Pi8) 
SBEV18}0»nl|« 
SBEV18»0»nltI 
SBFV18S0*nl8k 

Figure J-2.      Listing of spiral bevel gear 
computer program (cont'd) 

288 



• HO* 
tc 
»» 
VF 
yrs 
vf» 
*n 
i'r 
yt 
»N 
»• 
V»C 
»»• 
»S 
VI 
MP 
.0 
.1 
f" 

Ktoiuü o'  rftn'ILl  CU«v*ru*f 0« %IM,  lit, 
LfNCTM  OF   Llki   Of   CntflCT   THRU CRITICAL  ROINT,   IM, 
LO»P  SHtRTMG  »«TIP 
LfNGTM.lJf   SlIOlMC   VH0C1TT,   IN/IIC, 
LFXCTKatsr   SlIDINC   VtLOCITY  0'  6MR,   IN/IIC, 
LfNCTH«!»!   SLIOtKC   VfCOCITY  Of  »INJON,   IN/MC. 
LENClMulir   $U"  VCLOCITT,   IN/MC. 
RROriLt   ID*  VfLOCITV«   IN/IIC, 
RItULT«MT   SU»  vriOCITV   i   IN/SfC, 
T«NCINTt*l   VflOCITT   VfCTO».    IN/SIC, 
RRorne ILIOING VILOCIT*« ID/IIC. 
»ROMLE SIIOIXC VCLOCITT or cr*R, IN/SIC, 
RROriLE   SLIDING  VfLOCITV Or RINION,   iN/src, 
HfSULTtNT   SLIDING  VtLOCITT. IN/StC, 
RESULTANT   »BSOLUTE   VILOCIT» Or  RINION,   |N/StC. 
RESULTtNT   tSSOLUTt   VELOCITY or  GttR,   IN/SFC, 
OVN*»IC  LOAD,   LR, 
«AlIMUM  TANGENTIAL   LOAD  »'   H(EL  »ITC*  ROINT,   L«. 
DISTANCE   rROM  PITCH  LINE   TO CRITICAL  ROINT   IN  THE  HEAN 

NOB«»u   SECMUN.IN. 

•eirORH  »Hftl"IM»«T  CALCULATIONS 

*S1  SIC«iRiSIG»<«R>ÜMN 
RARaRAtRADIAN 
SARRSAARASIAN 
«L»»  ■  OFDG 
tlfG ■ DFnr 
ALFRRRALrrtRAOtAN 
ILFr,Ritl,FC*R<OItS 
HP   ■   RXP/PO 
DG   ■   RMG/Pn 
«ICLE   ■   (liqa>SIGa<A)*RA|>ItN 
GflPPATAMS !*( SIGMAR)/((RNG/RNP)   «COS(SIGMAR)) 1 

?>0   GAXK   ■   SIS^AR'CAOP 
IF  fA8S(r.»MC.Pi/»1),GT,,00»*)   CO TO r>» 

Hi   GAHGTlinOO, 
GARr.Ct.onoi 
GO  TO  fl* 

?>»   G>PGT«TAh(GAMC) 
GARGCRraSIGANGT 

?>• tu • or,/r?,«sr'(r,«««6)) 
>   •   *(W«/?, 
RP •   (i/AO^rrip/d.tCCKGARP))) 
BG a   (</AO)«(OG/(f.*GAMGC)) 
IMP   ■   tP«(Fa/;,)«IAN(ALFRR) 
««r,  ■   tG«(r«/2,)*TAN(ALFGR) 
PI»«P  ■  «P«m,/COS(SAR))«M,/COS(SAR))) 
P*»G  •  RG<((1,/C0S(SAR1)*(1,/C0S(SAR))) 
RRMI aPRNPaCOSfPAR) 
»»HO aPRNGaCOS(PAP) 
BONP aPRNP«AMp 
RUNG aPRNGaAHG 
ORMnP ■ *Qpr((B0MPaRnNP)«(RSNPaR8NR))>RRNRaStMRAR) 
PRHnr. a SbPTt(R0*iG«R0WG)-(RRNCaRSN6))«RRNG«StN(PAR) 
li  a ORHlPtORHOG 
v«raF«/AO.((*..F«/AO)/<#.»(l.«r*/A0))> 
FMP,«n.pn/Pt«(T«taTAN(SAR   )•( l,/l,*( (r<(I*TA)«(SAR   ))••>)?) 
Pf ■ (A/<qi«((RIaCOS(SAR|)/(COI(RAR)*<(COS(SAP)*COS(SAR)) 

1 4(TAN(RAR)*TAh(RAR))n) 

SSCVtlkOPPlST 
ssEvisro*oisf 
s8evisio*niiR 
SBCVlSRORftlRO 
SSEV1R00»0»«1 
•itVIRlOPPlRf 
S8EViR«0»rJR| 
SIEVIRIOROIR» 
sseviR*o»niRt 
Sievi«tO*PlRk 
SBev|RkO*o|RT 
8SEVlRT0*niRS 
SKVlRIO*ntRR 
SBfviR«o*oroa 
$8fvmo»nm 
s8fviaiD*niai 
S8EVCO(0*a(OI 
SBEV>0IO*nI0* 
S8CV(0»0*nia« 
SBIVZOfOPKIOk 
SBFV>ObO*n(0T 
SBEvroro*nios 
SBEV(OBO*nfOR 
SBCV>ORO»nI10 
SREVtlOOPOm 
SBIV(110»n21f 
SBCVflin*o(ll 
SB[V(iia»oti» 
88EV>l»0»n(ll 
S8EVIl<0*nm 
S8fVflhO»Pfl> 
8BEV(iro*n;is 
SBEVflBO*P(l< 
$REV21R0»0Pr0 
SBEVf«00»OUl 
SBEV>?ia*nj?; 
SBEv2I«0»nJ>IS 
SBEVMSO»«'?» 
SBEV(f»0*n2IS 
SBcvfHOPnetk 
SBri/»kO»Pf?T 
8BEvie»0»n??S 
8BEV(^80»n««< 
S8Ev2tRa»n(ia 
SBCVt|ilO»nlll 
s6EV(iio»o«ir 
SBEV<lf1*0fil 
SBEV«Sl(*n21» 
SBEViI<»0*q«lS 
SBEV«m*0fH 
!BEV»lkO»n»IT 
SBEVIIT0»D«1S 
SBEV?SS0*n?34 
SB£V»|R0»n»»0 
S8EV>R0O*Di«l 
s«ev«»io*p?»« 
SBCV;*7O*P(»I 
SBEVfRlOkP«* 
SBEV?<l»0*0?»S 
SREVIRiOPHMk 
SBtv»»kO*n»»» 
SBEVI«>0»nf»S 
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C  T   I  0  N//// 

• Sta<C>l$(CPt(»<»1*$a*T(C0*(l4*)*C0l(t«*)«T**)O**)*T«M(»««)|) 

i' ('«c.n.o.) en to tit 

Mt IT*IS ■ (z«i*ZN*cpa(Rs*)**»)*(ni*rii)*(iiii(ut)*iiN(iM)) 
CP  m   l0IT(lat/r»I«n(l.>MII*M»)/M)*((l.>M«*Mt)/(Sn)l 

<n ej»o*"<,/»»oi«N 
MMt«t/UOI«« 
•••lU/tMttN 
«»tn   (oour.vnoo «Lr*,*i,r«,tM,«M«lorlOfi,o*NOP,o*NOCi«i>«i( 

• »»«<»,»m»e,ii»((»#M<»«,»o<i»,»o«i6 
■OlTf   (NOUt.tnOD   »».RC.t.tO.SM.C'tfTtlO.MCrt.Mt^.IN, 

• r*p,f*,c» 
«SOt  »0»««»T   (|M|,/////«tl(ItMO  U  T  •  U   t     Ottt     If 

•»».tH{»l«tI01),U».*»«l«*«J 
•/MM  Hf* ■   ,riO,t,S«,lOM*l»6 
•klM.«00IN»UM  »Xtlt   (016.) 
•/I1H  «M» ■   ,rtOtt>tlitOH*M6 
•kiH.MIt* «OOrNOU*   (IN,] 
•/UH  0* ■   ,H0.t,t«,iB«06 
<k|N.»|TCH   OI«"|tr«   (IM.) 
*/IIH OHMOI»    • ,rio,s,s«,ioMO»Moe 
•klH.Mftw »*0IU9  Of   CU*V*TU*I   (t».) 
»nit e«M      • ,no,t,s«, JOMC««* 
• HM.»|ICM  »«»6Lt   (OCS.) 
•/llH »•>«» ■   «Fia.t.tl.lPMMNC 
• kiH.MTCH »«OIUS   IN HE«» NOKMAl  HCTION  (IN,) 
• /UM KIN»       ■ ,Fia,is,s«,in«RiNO       ■ ,*u),t,*t, 
*tlH.I«te  ■tOIUS   IN  »FtN  NO»N*L  KCTION   (IN.) 
• 'UH »ON»       * .»in.t.tn.iOMVONG        • .rio.ttt«» 
*kiH.OUT|IDC  RtOIUS   IN  M[«M  mORHtt   KCTION   (|N,) 
•> 

»001 »0»»*T   ( 
• itM 4» ■ .»lo.tftitioMis ■ ,no,%,%*, 
•klM.»|TCM »»OIUS IN M(*N TIANSVCISC ICCTION (IN,) 

.Fio,t.ioiii>M«He*N eoNt oiiT«NCf (JN,J 

.Fiq,t,IOXiPN«CON|   0IIT«NC(   (IN.) 
i»jo,t.io«.i»w*f*N Mit I»I»«L »Ntir (oia.) 
,rjO,J.IOM»l>H.M*Te»l*l,  10«0  »«CTO»   (I9»T(II,)/|N. 
•»10.t,10l,l>M.|OU**l  0'  TOTAL  lENSTM  OF  «CTION   IN 

UMN0»»»l.   HCTION / 
til.lTMNlTHIN  CONTACT  EUlMti   (Mum   IN,) 

.F10,*.10«.)»H»»  »»(TO» 

.HO.S, JO»,)>H.INe»1I»   »ACTOR 
•'10,tilO>.3TH.»ACTOR   IN  T»»N|v€»St  CONTACT  RATIO 
.M«,ti)0>|]7H«MEAN   NORMAL   RAM   »ITCH   (IN,) 
•»IO.tilOI>I?M.LEN6TH  o»  ACTION  IN  NORMAL  »LANI 
>^in.tilOI>l>M>TRANSy[RSI  CONTACT  RATIO 
•»10.t,10«.I?M«»ACt   CONTACT  RATIO 
,>in,t,i0t,i7HmH00lf\l0  CONTACT  RATIO 

.»(O.t.tl, 

>F10,t,tll. 

»»lO.t.l«» 

>»10,t(t«( 

•FlO.tttl, 

.»lO.lfl». 

•/llH A 
•/UN AO 
•/tin UA 
»ni« c» 
• /UH ETAIO 
• 
• 
»*ll-  FAC 
•/IJM FI 
•/HN »1 
•/lli  »N 
•/IJM ZN 
•/llM TN» 
• /UM »•» 
•/11M C» 
•) 

c 
c RCOIN HOHSI 
c 

RIOIN  HOHSfROaER  LOO»  FOR  IRIRAL  IEVEL  CEAR, 

»»LOO»»R»M» 
I»n R»Hpa«»Loo» 
J»S M»«K»O 

>»ITE (Nncir,»at}) 

•UVf«M*»ltO 
••tV*IOI»0fl| 
••fVftll*0(tl 
••EV(liO*Otll 
■•Evrtio»oit* 
mv(t»e*aft« 
••Ev«ito»o*tt 
•■FV(lkO*e(t7 
i9(v;tTo»oiti 
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APPENDIX K 
CALCULATION OF AVEPAGE FRICTIONAL POWER LOSS 

As explained in Chapter VII,  Section B, the average frictional 
power loss, c^av»  for a gear set is derived basically from Equation 
(72).    However,   due to the way the analyses were made (Chap. VII, 
Sect.  D,  E,  and F),  the detailed computing procedures differed for the 
three different gear types.    These computations will now be illustrated 
by reference to the three specific gear types examined in Chapter VIII, 
the computer printouts for which at 600 hp were presented in Appendixes 
H, I,  and J. 

Spur Gears 

For the ground spur gear set operating at 600 hp under the con- 
ditions stated in Chapter VIII, Section B, the instantaneous f, W, Vs, 
and (j)' values vs. the pinion roll angle,   € , as given in Figure H-3, are 
summarized in Table K-l.    Contact line positions 1 through 7 repre- 
sent  a   double tooth contact region with Afj = 20. 08 - 14.68 = 5.40°, 
divided into 6 equal intervals.    Contact line positions 8 through 17 
represent   a   single tooth contact region with Af2 = 26.29 - 20.08 = 
6.21°,  divided into 9 equal intervals.    Contact line positions 18 through 
24 represent   a  double tooth contact region with A63 = 31. 70 - 26.29 = 
5. 410, divided into 6 equal intervals.    Note that at any contact line 
position,^' = fWVs/9336 as tabulated. 

Because the roll angle intervals into which Afj, AC2» an^ ^f3 
are divided are not of equal magnitude,  the integration of the $' vs.  c 
curve is made separately for each region and summed as implied in 
Equation (72),  so 

y [^'(c) dc    =     Areai + Area2 + Area3 

=     hj Afj + h2 A€2+hßAfß (K-l) 

where hj,  h2, and hß are the average heights of the «j)1 vs.   c curves in 
regions 1,   2,  and 3.    Using the trapezoidal rule for integration in the 
computer program,   one may write 
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TABLE K-l.     INSTANTANEOUS <j>,  VALUES 
(GROUND SPUR GEARS,  tOO hp) 

Contact line €, w, Vs. r. 
position 

1 

deg. 

14.63 

f lb 

468.8 

ips 

294.81 

Btu/sec 

0.022379 0.3313 
2 15.58 0.019895 668.4 263.46 0.3752 
3 16.48 0.017596 964.9 232.12 0.4221 
4 17.38 0.016400 1313.0 200.78 0.4631 

J                         5 18.28 0.016400 1665.7 169.43 0.4957 
6 19.18 0.016400 1902.2 138.09 0.4614 
7 20.08 0.016400 2068.9 106.74 0.3879 

8 20.08 0.016400 2795.7 106.74 0. 5242 
9 20.77 0.016400 2795.7 82.73 0.4063 

10 21.46 0.016400 2795.7 58.71 0.2884 
11 22.15 0.016400 2795.7 34.70 0.1704 
12 22.84 0.016400 2795.7 10.69 0.C   '5 
13 23.53 0.016400 2795.7 13.33 0.0655 
14 24.22 0.016400 2795.7 37.34 0.1834 
15 24.91 0.016400 2795.7 61.35 0.3013 
16 25.60 0.016400 2795.7 b5. 37 0.4193 
17 26.29 0.016400 2795.7 109.38 0.5372 

18 26.29 0.016400 2326.9 109.38 0.4471 
19 27.19 0.016400 2127.4 140.73 0.5259 
20 28.09 0.016400 1830 9 172.07 0.5534 
21 28.99 0.016400 1482.8 203.41 0.5298 
22 29.89 0.016800 1130.1 234.76 0.4774 
23 30.79 0.018253 893.6 266.10 0.4649 
24 31.70 0.019637 726.8 297.45 0.4548 
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h   =   -i- 1_ 
2n X   ^+*l+l) (K-2) 

where   n =    number of elemental intervals 

<})^        =   ^   value at the beginning of interval i 

<')i+ 1   =   ^   value at the end of interval i 

Applying Equation (K-2) to the (j)' values in Table K-l,  one obtains 

hi        =   J^J  (44 + 2«^ + + 2«j>^ + <t»7)   =   0. 42952 

^2       =   TTT  (4>8+ 2«t>9 + +24.i6+'t>i7) =   0-26864 

hs       =   ~~  («j>l8+ 2ct,i9 + + 2<|>^3+«t.^4)   =   0.50039 

and        A!       =   hj Aq   =   0.42952x5.40 = 2.31941 

A2      =   h2A€2   =   0-26864 x 6.21 = 1.66825 

A3      =   h3A€3   =   0.50039 X  5.41 - 2.70711 

Thus,  by Equation (K-l), 

yj<t),(f)d€   =   Al + A2 + A3   =   6.69477 

and hy Equation (72) and noting that Np   =   31, 

4» av IJ*'«' dc 
360 

300 



- .,T.»-,y^TTWiv.T.7^TC^FrjT.CT-v.—-  ■■ 

ivwm&iuw**-**» 

=     6.69477 x 31/360 

=     0. 5765 Btu/sec 

which compares with^av = 0.5763 Btu/sec given in the computer print- 
out (Fig. H-3) and tabulated in Table 8 (Chap. VIII); the slight numeri- 
cal difference is due to the rounding off of significant places in the 
calculation given hereiu. 

Helical Gears 

For the helical gear set operating at 600 hp under the conditions 
stated in Chapter VIII, Section C, the instantaneous f,   W,  Vs, and <t>" 
values vs. the contact line position, taken from or calculated from data 
given in Figure 1-3,  are summarized in Table K-2.    Note from Chapter 
VII, Section E,  that in order to obtain the value of V at any contact line 
position, the contributions of the several "elemental spur gears" on 
this contact line should be summed up.    For example,  referring to con- 
tact line position 3 in Figure 1-3, this contact line is divided into four 
elemental spur gears at a total normal load of 766. 79 lb, or at a normal 
load of 766.79/4 = 191.7 lb for each elemental spur gear.    Therefore, 
the elemental contribution to 4>" at this contact line is,  from data given 
in Figure 1-3, 

«j»^    =    (0.0207 x 191.70 x 145.14)/9336 

+ (0.0203 x 191.70 x 118.82)/9336 

+ (0.0198 x 191.70 x 92.49)/9336 

+ (0.0191 x 191.70 x 66.17)/9336 

=     0.0616 + 0.0494 + 0.0375+0.0260 

■-     0.1745 Btu/sec 

where the quantities 0. 0616,  0. 0494,  0. 0375,  and 0. 0260 are given in 
the computer printout; but their sum, 4>U =   0. 1745 Btu/sec, is stored 
in the computer program.    If this process is repeated for all contact 
line positions, the appropriate values of <|>" will be as in Table K-2. 

To calculate <|)av,  it is convenient to transform Equation (85) to 
the form 
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TABLE K-2.      INSTANTANEOUS (|>M  VALUES 
(HELICAL GEARS,  600 hp) 

Contact line w. vs. r. 
position f lb ips Btu/sec 

1 0 0 158. 31 0 
2 0.0253 380.19 131.98 0.1359 
3 - 766. 79 - 0.1745 
4 - 1150.19 - 0.1837 
5 - 1533.59 - 0.2038 
6 - 1900.95 - 0.2580 
7 - 2216.85 - 0. 3397 
8 - 2216.85 - 0,3397 
9 - 2216.85 - 0, 3397 

10 - 2216.85 - 0.3397 
11 - 1900.95 - 0.2517 
12 - 1533.58 - 0.1850 
13 - 1150.19 - 0.1556 
14 - 766. 79 - 0.1528 
15 0.0250 380.19 119.81 0.1222 
16 0 0 146.13 0 
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«Kv   =   (h Af) 
Np_ 
360 

(K-3) 

where h, the average contribution for a pair of teeth as contact moves 
across the plane of action,  is, by applying Equation (K-2), 

*   -i I «♦i+*;,
+ii 

2715 '♦i+2'|,2 + +2+'l5 + *16' 

=   0.2121 Btu/sec 

Now, the angle through which the pinion turns as contact moves 
across the plane of action is, from Equation (86), 

A€    =   2Z . 180 
db      n 

2 x 0.454Z2 .   180 
3.53450 ff 

14.7262' 

Substituting the circulated h and Af into Equation {K-3),  and 
noting that Np   ~   31, 

«j)aV   =   0.2121x14.7262x31/360 

=   0.2690 Btu/sec 

which is the value given in the computer printout (Fig.  1-3) and tabu- 
lated in Table 10 (Chap.  VIII). 

Spiral Bevel Gears 

For the spiral bevel gear sat operating at 600 hp under the con- 
ditions stated in Chapter VIII, Section D, the instantaneous f, W, Vs, 
andcj)" values vs. the contact line position,  as taken from Figure J-3, 
are summarized in Table K-3. 

To calculate 4>avi   it is convenient to transform Equation (88) 
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TABLE K-3.     INSTANTANEOUS et)" VALUES 
(SPIRAL BEVEL GEARS,  600 hp) 

Contact line W, 
position f lb 

I 0 0 
2 0.0250 411.3 
3 0.0201 1008.6 
4 0.0201 1620.4 
5 0.0201 2217.8 
6 0.020J 2807.0 
7 0.0201 3402.0 
8 0.0Z   1 4011.6 
9 0.0201 4617.2 

10 0.0201 5098.2 
11 0.0201 5135.0 
12 0.0201 5098.2 
13 0.0201 4617.2 
14 0.0201 4011.6 
15 U.0201 3402.0 
16 0.0201 2807.0 
17 0.0201 2217.8 
18 0.0201 1620.4 
19 0.0201 1008.6 
20 0.0253 411.3 
21 0 0 

V s« 
ips 

89 .14 
79 16 
6? 55 
60 02 
50. 53 
41. 07 
31. 63 
22. 20 
12. 79 

3. 40 
5. 98 

15. 34 
24. 69 
34. 03 
43. 35 
52. 65 
61. 93 
71. 18 
80. 39 
89. 53 
98. 29 

r. 
Btu/sec 

0 
0 0872 
0 1510 
0. 2094 
0. 2413 
0. 2482 
0. 2316 
0. 1917 
0. 1272 
0. 0373 
0. 0661 
0. 1684 
0. 2455 
0. 2939 
0. 3175 
0. 3182 
0. 2937 
0. 2483 
0. 1746 
0. 0999 
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again to the form of Equation (K-3) given previously for helical gears. 
Thus 

h      =   -L 1_ 
2n iui+*i+i) 

i=l 

zTzö K' + ^ + + 2*20 + *2l) 

=   0. 1877 Btu/sec 

Now, the angle through which the pinion turns as contact moves 
across the plane of action is,  from Equation (89), 

Af    = 180 
A sin y        ir 

ZN cos 4jb  > 180 
A sin y ir 

_   0.53141 cos (31.99975°) .   UJO    .   17 z255c 
2.16863 sin (43.72697°)        ir 

Substituting the calculated h and Ac into Equation (K-3),  and 
noting that Nn   =   22, 

* av 0.1877 x 17.2255 x 22/360 

=   0. 1975 Btu/sec 

which is the value given in the computer printout (Fig.  J-3) and tabu- 
lated in Table 12 (Chap.  VUI). 
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LIST OF SYMBOLS 

a addendum,  in. 

a major semiwidth of Hertzian ellipse,  in. 

B minor width of Hertzian rectangle, in. 

b dedendum,  in. 

b minor semiwidth of Hertzian ellipse,  in. 

C center distance,  in. 

C fitting constant in (Ts - Tj) vs. <|> equaiion for disks 

C fitting constant in (Is - Tj) vs. <t)av equation for gears 

C0 fitting constant in (T0 - Tj) vs. <|> equation for disks 

C'0 fitting constant In (T0 - T:) vs. <|>av equation for gears 

c specific heat of gear material,  in./'F 

c specific heat of oil,   Btu/lb-0F 

D pitch diameter of gear,  in. 

d pitch diameter of pinion,  in. 

D^ base diameter of gear,  in. 

d^ base diameter of pinion,  in. 

D0 outside diameter of gear,  in. 

d0 outside diameter of pinior.    in. 

E Young's modulus,  psi 

* 
£ Equivalent Young's modulus,  psi 

e angular misalignment,   deg 
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LIST OF SYMBOLS (Cont'd) 

e pitch error,  in. 

ea apparent tooth error,   in. 

ee effective tooth error,   in. 

e£ effective pitch error,  in. 

F face width,  in. 

Fj dynamic normal tooth load increment,  lb 

f coefficient of friction 

G gear ratio 

hrn minimum EHD film thickness without side flow and inlet- 
shear thermal corrections,  ^xin. 

h'm minimum EHD film thickness with side flow and inlet-shear 
thermal corrections,   ßin. 

Kj inertia factor (AGMA) 

Ky dynamic factor (AGMA) 

k thermal conductivity of gear material,  lb/0F-sec 

k thermal conductivity of oil,  Btu/ft-0F-sec 

L total length of lines of contact for all tooth pairs simulta- 
neously in contact,   in. 

i elemental segment on a line of contact,  in. 

M sliding-to-sum velocity ratio 

mc transverse contact ratio 

mf face contact ratio 
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LIST OF SYMBOLS (Cont'd) 

m-, load sharing ratio 

m0 modified contact ratio 

mt total contact ratio 

N number of teeth in gear 

N number of teeth in pinion 
P 

nB rotative speed of gear,   rpm 

tip rotative speed of pinion,   rpm 

P diametral pitch,   in.~^ 

P power transmitted,  hp 

P. actual sco ring-limited power-transmitting capacity,  hp 

Pj ideal scoring-limited power-transmitting capacity,  hp 

p pressure,  psi 

p transverse circular pitch, in. 

p, transverse base pitch,  in. 

pN normal base pitch,  in. 

R equivalent radius of curvature,  in. 

S surface roughness,   ßin.   rms (AGMA) 

Sd dynamic factor 

Sm misalignment factor 

T temperature,   "F 

T torque,  in.-lb 
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LIST OF SYMBOLS (Cont'd) 

Tc maximum instantaneous conjunction surface temperature, 0F 

T critical temperature,   0F 

T. oil jet temperature,   0F 

T0 conjunction-inlet oil temperature,   0F 

T quasi-steady surface temperature,  "F 

AT maximum instantaneous conjunction surface temperature 
rise,   "F 

Vj surface velocity of body 1,   ips 

V2 surface velocity of body 2,  ips 

Vg surface velocity of gear,   ips 

Vp surface velocity of pinion,  ips 

Vs sliding velocity,  ips 

Vt sum velocity,  ips 

V^ pitchline velocity,  fpm 

W normal tooth load,  lb 

w unit normal tooth load,   ppi 

Wjj dynamic normal t^oth load,  lb 

W^ tsngential tooth load,  lb 

wt unit tangential tooth load,  lb 

Z length of path of contact in transverse plane, in. 
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LIST OF SYMBOLS (Cont'd) 

a pressure-viscosity coefficient of oil,  psi"^ 

ß Blok's thermal coefficient of gear material, Ib/T-in.-secI 

F pitch angle of gear,  deg 

y pitch angle of pinion, deg 

A profile modification,  in. 

Ö composite surface roughness of one surface,  /iin. AA 

öc composite surface roughness of mating surfaces.   Hin. AA 

ö^ initial composite surface roughness of mating surfaces, 
ßin. AA 

^m normal tooth deflection, in. 

€ roll angle,  deg 

6 load angle,  deg 

A EHD film thickness ratio 

ß absolute viscosity of oil,  cp 

V kinematic viscosity of oil,  cs 

V Poisson's ratio of gear material 

p density of gear material, lb/in.^ 

p density of oil, g/mi 

p radius of curvature of gear tooth,  in. 

p radius of curvature of pinion tooth,  in. 

(j) pressure angle,  deg 
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LIST OF SYMBOLS (Cont'd) 

<j) fricticmal power loss,   Btu/sec 

<}>av average frictional power loss,  Btu/sec 

<j>n pressure angle in normal plane,  deg 

\\i helix an le,  deg 
i 

,? \\> spiral angle,  deg 

\\i, base helix angle,  deg 
| 

*\i, base spiral angle, deg 

OJo angular velocity of gear,   rad/sec 
! 

C0D angular velocity of pinion,   rad/sec 
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